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ABSTRACT
Recent evidence demonstrates a correlative relationship between metabolic disorders and cancer
prevalence. In addition, cholesterol lowering statins and the antidiabetes medication metformin
both act as chemopreventive agents in prostate and other cancers. The natural compound
resveratrol has similar properties: increasing insulin sensitivity, suppressing adipogenesis, and
killing cancer cell lines in vitro. However, in vivo tumor xenografts acquire resistance to
resveratrol by an unknown mechanism, while mouse models of metabolic disorders still respond
to the compound. Given the metabolic implications of these data and the role of metabolism in
prostate cancer incidence, we evaluated resveratrol in an in vitro disease progression model of
prostate cancer and found that castration-resistant human prostate cancer C4-2 cells are more
sensitive to resveratrol-induced apoptosis than isogenic androgen-dependent LNCaP cells.
Inhibiting downstream pro-survival signaling with the MEK inhibitor U0126 rescued the C4-2
cells from resveratrol-induced death, however other MEK inhibitors did not recapitulate this
response. In fact, U0126 acted independently of MEK, inhibiting mitochondrial function and
shifting cells to aerobic glycolysis. Mitochondrial activity of U0126 arose through
decomposition, producing both mitochondrial fluorescence and cyanide, a known inhibitor of
complex IV. Applying U0126 mitochondrial inhibition to C4-2 cell apoptosis, we investigated
the role of mitochondrial metabolism and focused on how glutamine supplementation of citric
acid cycle intermediate a-ketoglutarate may be involved. Suppression of the conversion of
glutamate to a-ketoglutarate with the transaminase inhibitors cycloserine and amino oxyacetate
rescued C4-2 cells from resveratrol-induced death. In addition, reducing extracellular glutamine
concentration in the culture medium also inhibited apoptosis. These results imply resveratrol-
induced death is dependent on glutamine metabolism, a pathway dysregulated in a variety of
cancers linked to oncogenic signaling. Further work on resveratrol and metabolism in cancer is
warranted to ascertain if the glutamine dependence has clinical implications.
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Title: Professor of Surgery, Harvard Medical School
Thesis Supervisor: Forest M. White
Title: Professor of Biological Engineering
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Chapter 1: Introduction
Prostate cancer is the leading diagnosed cancer and the second leading cause of cancer
related death in American men (1). Prostate specific antigen (PSA) is the major clinical
biomarker used to detect prostate cancer in patients and PSA expression is driven by the major
hormone receptor in the prostate called the androgen receptor (AR) (2). Elevated circulating
PSA leads to clinical follow up with a tissue biopsy to grade the abnormal growth and determine
the appropriate therapeutic strategy (3). While PSA measurement is the clinical standard, it is
also controversial because the test can detect disease in asymptomatic patients who may never
progress to a clinically relevant stage. PSA screening has doubled diagnoses (4), but 20-50
patients must be diagnosed to prevent one prostate cancer related fatality (5)(6). Current
guidelines suggest monitoring for prostate cancer from age 50 to 75, though not all organization
endorse the use of PSA testing (7)(8)(9). Analysis of autopsy data indicates as much as 75% of
histologically identifiable prostate cancer may never progress to warrant clinical intervention
(10). Current efforts in prostate cancer research are focused on finding novel biomarkers and
diagnostics to delineate which patients will progress to aggressive disease.
The Prostate
The prostate is an excretory gland that produces the prostatic fluid. The prostate exports
high levels of citrate extracted from the citric acid (TCA) cycle as a component of the prostatic
fluid (11). Citrate production from the prostatic mitochondria is elevated due to low expression
of aconitase, the enzyme responsible for the conversion of citrate to isocitrate, thereby
accumulating adequate citrate for export (12, 13) by cation dependent transporters. In patients
with prostate cancer, citrate levels in the prostatic fluid decrease and imaging techniques can
measure lowered citrate as a clinical diagnostic for disease (14). Citrate is also the initial
substrate for lipid and cholesterol synthesis and intrinsically high levels of citrate in the prostate
may drive the biosynthetic processes critical to tumor growth. Elevated lipid production through
the overexpression of fatty acid synthase in prostate cancer progression has been documented in
tumor samples (15). Prostate specific metabolism including adapted use of the TCA cycle to
produce citrate may be one variable of interest in understanding the high incidence of disease in
this organ.
Treatment Strategies
Current prostate cancer treatments for early stage disease include directed radiation or
surgical resection to destroy or remove the diseased tissue. If the disease has progressed outside
the organ, is inoperable, or returns following radiation/ surgery the current clinical standard of
care is androgen deprivation therapy (ADT). Current ADT practices include a combination of
chemical or physical castration with androgen receptor inhibitors, flutamide (16) or bicalutamide
(17). The inhibitors are meant to counteract any low level of hormone still being produced in the
body. These strategies show marked decreases in PSA levels shortly after treatment begins, but
are only effective for six months to two years before PSA levels resurge and treatment options
are severely limited.
While ADT is effective for a short duration, the therapy has profound side effects on
patients and greatly impacts their quality of life. Specifically, ADT induces a variety of
metabolic syndrome phenotypes including weight gain and insulin resistance(1 8). In addition,
patients lose lean muscle mass, increase their risk of heart attacks, and fractures (18). The
metabolic side effects of ADT are particularly intriguing given that metabolic syndrome is linked
to increased risk of many types of cancer (19) and specifically disease progression in prostate
cancer (20). These data imply ADT treatment of the disease may inherently induce disease
progression and increase prostate cancer mortality.
Limited treatment options for advanced and aggressive prostate cancer have led to the
development of novel therapeutics to target the hypothesized mechanisms of PSA recurrence.
Current theories surrounding rebounding PSA levels include intra-organ hormone production
(21), ligand independent activation of the receptor (22), or hypersensitivity of the AR to low
ligand concentrations (23). Intra-organ hormone production is inhibited by the CYP17 inhibitor
Abiraterone and this agent is showing efficacy in clinical trials (24). Ligand independent
activation of the AR may be inhibited by a sponge derived compound which binds the N-
terminus of the protein (25). This sponge compound can inhibit splice variants of the AR
lacking the ligand binding domain (26). Recurrent activation of the AR has lead to development
of higher potency AR inhibitors that are effective in cell lines, mouse models and humans (27,
28). All of these drugs suppress AR transcriptional activity temporarily, but PSA levels rebound
and the disease do not go into remission.
Signaling in Prostate Cancer
In the 1940s, prostate cancer disease was discovered to be sensitive to androgen levels in
the blood, androgenic signaling in cells, and the androgen receptor (29). The androgen receptor
is a transcription factor in the nuclear receptor gene family and is activated by the hormone
androgen. The androgen receptor was cloned in the late 1980s (30) and has become the most
heavily studied biochemical pathway in the field of prostate cancer research. Dogmatically, the
AR is believed to be a centrally important protein in prostate cancer through the regulation of
large transcriptomes during the course of disease progression (31). The role of the AR and its
downstream gene targets in prostate cancer initiation and progression to lethal disease are still
incompletely understood. Androgens have been linked to the induction of lipogenic genes
including FAS, HMG-CoA, and SREBP (32) which are linked to a shift in prostate metabolism
and disease development. While the androgen receptor is traditionally considered to mediate
pro-growth stimuli, recent work has implied the AR may also have a tumor suppressor function
as well consistent with its role as a mediator of prostatic epithelial cell differentiation (33). A
multitude of proteins bind AR as coactivators and corepressors a scenario that complicates a
mechanistic understanding of the role of the AR in cancer (34). In addition, the alterations in
genomic silencing through DNA methylation can shift the program induced by the AR to
enhance disease (35).
Other important signaling nodes in prostate cancer cells include phosphoinositide-3-
kinase (P13K) which can be constitutively active when its downstream inhibitor phosphatase and
tensin homolog (PTEN) is lost, a common occurrence in advanced prostate cancer (36). PTEN
dephosphorylates phosphatidylinositol (3,4,5)-trisphosphate (PIP3) produced by P13K to inhibit
downstream activation of Akt, a potent survival kinase linked to lipogenesis (37). Even in wild
type PTEN cancer cells, PI3K/Akt signaling can be activated by the epidermal growth factor
receptor (EGFR) and other growth factor receptors and cytokine receptors. Proteins within this
pathway can be mutated, overexpressed, or aberrantly activated in prostate cancer (38) (39).
Additional growth factor pathways have been implicated in prostate cancer development and
aggressiveness, including IGFR (40) and IL6 (22).
Another downstream effecter of growth factor signaling is the MEK/ERK kinase cascade.
The MEK/ERK pathway is a member of the mitogen-activated protein kinase family and
propagates upstream signals with switch like kinetics driving downstream pro-growth, pro-
survival transcription (41). MEK/ERK activation is correlated with prostate cancer disease
progression (42) and MEK inhibition reduces breast cancer xenograft growth (43). In vivo MEK
inhibition experiments have not been performed in prostate cancer models providing a potential
novel approach for combating prostate cancer disease progression. MEK/ERK is a pro-survival,
pro-growth kinase cascade inducing of API transcription factors and gene expression (44) and
has the potential be an important pro-survival signal for tumor cells in vivo.
Cellular signaling events found in vitro have been evaluated in a variety of clinical
samples, but unbiased screening for common node perturbations in clinical samples has only
recently become available. Specifically, DNA sequencing technology has evolved to allow for
genomic profiling of numerous tumors and has provides insight into the heterogeneity of prostate
cancer (45). One study found extensive upregulation of MYC and P13K in tandem (46). MYC
is an oncogenic transcription factor regulating lipogenesis and metabolism related genes. MYC
overexpression in cell lines enhances their death response to metabolic perturbations like
glutamine deprivation (47) and may indicate a potential weakness to target in vivo. Profiling
individual tumors may help physicians design effective therapies to target specific altered
signaling pathways as demonstrated by Erlotinib's efficacy against activating EGFR mutations
(48). In prostate cancer, the coordinated loss of PTEN and overexpression of MYC defines a
subset of patients (46) who might benefit from new profiling technologies and potentially
metabolism targeted therapies.
Dietary Contribution to Prostate Cancer
Androgen and growth factor signaling were the major nodes investigated to treat prostate
cancer over the last ten years, but epidemiological data indicates external variables such as diet,
life style, and behaviors may play a major role in prostate cancer incidence. Specifically,
prostate cancer incidence is significantly higher in western developed nations. Increased
incidence partially correlates with screening, but epidemiological studies of migrant populations
reveal an environmental dependence. Japanese men immigrating to the San Francisco Bay area
had a five fold increase in prostate cancer incidence compared to their counterparts living in
Japan as documented in 1975 by the California Department of Public Health (49). Many other
studies have followed and illustrate a consistent trend of increased prostate cancer incidence in
immigrant populations compared to their native counterparts when they move to western
industrialized nations (50)(5 1). Understanding the basis for this potential dietary, societal, or life
style component of prostate cancer induction may lead to effective chemopreventive strategies to
decrease incidence or keep disease from progressing in the majority of the population.
Diet and Cancer
Immigration to the United States correlates with a shift in dietary consumption and
lifestyle (52). Obesity in the US has significantly increased from 1988 - 2008 (53). In
developing nations, dietary shifts in food consumption are speculated to link with an increased
incidence of cancer and preventative dietary recommendations may be effective (54). Increased
processed sugar and cholesterol intakes have been linked to metabolic disorders (55-57) such as
obesity which has in turn been linked to increased cancer risk (19). In prostate cancer, a recent
meta-analysis of cohort datasets found a 15-20% increased mortality and 21% increased disease
recurrence in prostate cancer for individuals for every 5kg/m2 increase in body mass index (19).
Other studies have found an inverse correlation between prostate cancer incidence and obesity
(58) creating confusion, but recent data have shown strong positive correlations between risk of
advanced disease and obesity (20).
Given the prevalence of metabolic disorders, large cohort studies have searched for links
between metabolism and cancer by evaluating cancer risk in patients taking statins, a cholesterol
lowering drug. A European study found a correlation between decreased prostate cancer
incidence and statin use (59) (60), though the latest US cohort data set was unable to make any
conclusions about prostate cancer and statins. However, the US cohort did report statins prevent
other types of cancer (61). Inconclusive links between statins and prostate cancer may be
influenced by over diagnosis with PSA testing or failure to detect benign disease which may
never progress to be clinically relevant. Additionally, the cholesterol uptake inhibitor Ezetibibe
can inhibit prostate cancer xenograft growth and vascularization in a mouse model supporting a
role for cholesterol metabolism in cancer growth (62, 63). Clearly, more data needs to be
collected and analyzed before conclusions can be drawn about statins as chemopreventives.
From a molecular biology perspective, cholesterol levels can influence cellular signaling
networks by altering membrane structures and altered signaling dynamics can affect processes
like metabolism (64). Specifically, cholesterol levels in cellular membranes can modulate lipid
raft structures (65), influence growth factor receptor mobility (66), and activate kinases like Akt
(67). The potential integration of dietary cholesterol with tumorogenic signaling cascades
warrants additional consideration of statins and other cholesterol lower drugs as
chemopreventives.
Beyond statins, the drug metformin is prescribed to many diabetic patients to increase
their insulin sensitivity by activating the AMP kinase, but may also reduce cancer incidence.
From cohort studies, metformin use correlates with decreased incidence of prostate cancer (68)
implying it may be a suitable chemopreventive. The prolonged use of statins and metformin and
association with decreased cancer incidence support the potential for further investigation and
development of metabolism oriented drugs. While small molecule drugs like statins and
metformin may function as chemopreventives or chemotherapeutics, perhaps the larger
implication of these data is the importance of explicit dietary interventions to decrease cancer
incidence as well as metabolic syndrome and cardiovascular disease.
Metabolism and Cancer
One of the earliest observations about cancer and metabolism was made by Otto Warburg
in the 1920s when he reported the increased metabolic rate of cancer cells (69). Warburg
postulated respiration was no longer necessary, but in fact many cancer cells have functional
mitochondria [reviewed in (70)]. Interest in metabolism and cancer has resurged in recent years
thanks to work linking metabolism to cell signaling (71) (68) along with the epidemiological
evidence mentioned previously. From a therapeutic perspective, in vivo manipulation of cancer
metabolism has been attempted with a few drugs including 2-deoxyglucose (72), 6-diazo-5-oxo-
L-norleucine (DON) (73), and dichloracetate (74). 2-deoxyglucose and DON are glucose and
glutamine analogs, respectively, and demonstrate some efficacy (72) (73) especially when
combined (75). In contrast, dichloracetate operates by shifting metabolism from glycolysis to
oxidative phosphorylation, in direct contrast to cancer cell metabolic preferences. Dichloracetate
is currently in clinical trials (74) and hopefully only one of many new metabolism based
chemotherapeutic approaches. Beyond small molecule drugs, tumor specific metabolism favors
specific imaging technologies based on the acidity of the tumor microenvironment (76) and
metabolite differences (14, 76). Precise imaging of tumors with metabolism based technologies
could help with surgical extraction, diagnosis, and monitoring. Prostate cancer is
characteristically a slow growing disease and monitoring abnormal growth at high resolution
may assist in defining the appropriate subset for aggressive treatment while maintaining the
quality of life for many others.
Glucose is the major source of carbon and energy for proliferating cells engaged in
biosynthetic processes like lipid synthesis and glycosylation. Glucose is broken down in
glycolysis generating ATP, NADH, and pyruvate. Pyruvate is then further decomposed by either
lactic acid dehydrogenase to produce lactic acid or the citric acid (TCA) cycle to generate ATP
and biosynthetic precursors such as citrate and malate. Even though the breakdown of glucose is
well studied, recent work implies pyruvate can be generated without ATP production by an
alternative pathway and potentially enhance biosynthetic rates (77). This novel pathway may be
critical in fast growing, heavily biosynthetic cancer cells.
The other major carbon source for cells is glutamine. Glutamine is imported into cells for
many biosynthetic processes including amino acid and nucleotide base synthesis, and as a major
nitrogen source. In addition, glutamine can be used in a process called glutaminolysis to
enhance lipogenesis. Glutaminolysis is the break down of glutamine into glutamate then a-
ketoglutarate which can be routed into the TCA cycle [reviewed in (78)]. Glutamine
supplementation of the TCA cycle helps maintain substrate flux while citrate is diverted to feed
catabolic processes including lipid and cholesterol synthesis (79). In vitro cell culture medium is
supplemented with glutamine at 2mM along with glucose to improve cellular proliferation rates
(80), but the level of glutamine exceeds the in vivo plasma concentration of 0.5mM (81). The
process of glutaminolysis has been documented in prostate cancer cells in culture and linked to
the transcription factor MYC which regulates glutaminase, the enzyme responsible to converting
glutamine to glutamate (82). Additionally, glutaminolysis in breast cancer is hormone
responsive (83) and in prostate cancer is an inherent part of normal metabolism for citrate export
(12, 13). The role of glutamine both in culture and in vivo may be crucial to the normal function
of the prostate as well as the increased lipogenesis seen in prostate cancer. Further investigation
into glutamine metabolism in prostate cancer seems warranted based on the potential role of
metabolism in this disease system.
Systemic glutamine levels are generally important in cancer, especially in late stage
patients suffering from cachexia. Cachexia is the loss of muscle mass, weight, and extreme
fatigue associated with a variety of disease processes which eat away at the body's fuel reserves.
It is characterized by low glutamine levels in the blood and subsequent immune system
suppression and organ failure [reviewed in (84)]. Glutamine depletion from the circulation is
hypothesized to occur in cancer due to high uptake and excessive consumption of the amino acid
by tumor cells (84). Combating the effects of cachexia with glutamine supplementation has
produced mixed results and may simultaneously fuel tumor growth while improving patient
quality of life (84).
Prostate cancer is a high impact disease in the United States. Current diagnostics cannot
delineate patients with indolent verse aggressive disease, and classic therapeutics are ineffective
in the latter case. Novel strategies are needed to effectively manage and treat prostate cancer and
one proposed approach is long term chemopreventive drugs to suppress disease initiation and
progression. However, for rationally designed chemopreventives to be effective, we must first
understand the variables driving the disease at the molecular, cellular, organ, systemic, and
societal levels. Over these various orders of magnitude the common theme of metabolism
emerges. Cell signaling events at the molecular level are classically linked to abnormal cellular
proliferation but these signals can also drive and be influenced by metabolic processes such as
cholesterol production, membrane lipid composition, and intra-organ hormone production. At
the organ level, the prostate is already primed metabolically to produce excess citrate which can
be rerouted as a precursor for lipid and cholesterol synthesis. Enhanced biosynthesis from citrate
is known to correlate with prostate cancer and enhanced cellular proliferation rates implying the
organ may be predisposed to inducing disease. From a systemic and societal perspective,
prostate cancer risk is associated with dietary trends and the life style of the western
industrialized world where excess consumption of high fat, high cholesterol foods is common.
Integrating the impact and importance of metabolism across multiple orders of magnitudes
supports a substantial role for metabolism in prostate cancer and further research efforts on the
topic.
The significance of metabolism in prostate cancer evolved throughout the time I worked
on my thesis and emerged within my work, but I started in a very different place. Initially, my
work focused on understanding the role of kinases and signaling networks in prostate cancer
disease progression. The goal was to identify nodes and weakness in late stage disease which
could be targeted therapeutically. While perturbing an in vitro model of disease progression with
small molecule inhibitors against a single kinase target, it became clear the drugs hit additional
targets and shifted cell metabolism. Intrigued by the implications of these observations and the
emerging literature about metabolism in cancer, I choose to pursue the secondary effect of an
inhibitor known as U0126. The work evolved and expanded to illustrate a substantial differential
mitochondrial function in disease progression consistent with the increased biosynthetic
production of lipids and cholesterol previously witnessed in prostate cancer tumor samples.
Overall, the work contained herein followed a nontraditional path, but coalesces to support the
overarching role of metabolism in prostate cancer initiation and progression.
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Chapter 2: Methods
The following methods and reagents were employed in the work that follows. Most
methods are standard biochemical assays learned from working in the laboratory and reading
journal articles. At times, commercial kits were acquired to simplify and increase the accuracy
of the assays. Two specific protocols were adapted from the literature and optimized to fit the
requirements of the work including: lactic acid assay and cyanide detection kit. In addition, all
extractions and analysis of the fluorescence generated from U0126 was built off basic
purification protocols from the literature, but adopted to the system in question. All protocols
are listed according to their first appearance in the ensuing experimental results of Chapter 3, 4,
and 5.
Reagents
All cell lines (LNCaP, HEK293T, HELA, DU145, COS) were acquired from American
Type Culture Collection (ATCC) with the exception of the C4-2 cells which were a gift from
Dan Gioeli from University of Virginia. BY4741 yeast and Protein BCA kit were obtained from
Thermo Fisher Scientific (Huntsville, AL). Resveratrol, PD98059, PD325901, PD184161,
U0126, JC-1 Mitochondrial Membrane Potential Assay Kit, LDH Cytotoxicitiy assay kit,
roscovitine, and olomoucine were obtained from Cayman Chemicals (Ann Arbor, MI). U0124
and U0125 were obtained from EMD Chemicals (Darmstadt, Germany). SL327 was obtained
from Tocris Bioscience (Ellisville, MO). Mitotracker CMXRos, H2DCFDA, 200mM L-
glutamine, RPMI 1640, DMEM low glucose, and McCoy's medium were obtained from
Invitrogen (Carlsbad, CA). Recombinant human EGF was obtained from R&D Systems
(Minneapolis, MN). Vectashield mounting medium for fluorescence with DAPI was obtained
from Vector Laboratories (Burlingame, CA). Sodium oxamate, FCCCP, Antimycin A, 2-deoxy-
D-glucose, O-(carboxymethyl)hydroxylamine hemihydrochloride (AOAA), L-cycloserine, 6-
diazo-5-oxo-L-norleucine (DON), dimethyl 2-oxoglutarate, crystal violet, AICAR, Chk2
Inhibitor II, tunicamycin, Superoxide dismutate (#S-215), glucosamine, nocodazole, colchicine
and trypan blue were obtained from Sigma (Saint Louis, MO). Oligomycin was obtained from
Cell Signaling Technologies (Danvers, MA). CellTiter Glo Luminescent Cell Viability Assay
was obtained from Promega (Madison, WI). Antibodies against cleaved PARP (#9541), Lamin
A/C (#2032), p4 4 /4 2 MAPK (ERK1/2) (#4695), and phospho-p44/42 MAPK (ERK1/2) (#9101),
total EGFR (#2232), ATM/ATR substrate motif (#2851), ASCT2(V05 1) (#5345), phos (T68)-
Chk2 (#2661), phos(T389) p70S6K (#9205), phos(T172)-AMPK(#2535), CHOP (#2895),
phos(S209) eiF4e (#9741), ,anti-mouse IgG, HRP-linked (#7076) and anit-rabbit IgG, HRP-
linked (#7074) were obtained from Cell Signaling Technologies (Danvers, MA). Antibody
against a-tubulin (TU-02, sc-8035) was obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). Antibodies against p-actin (AC-15) and MnSOD (2A1) were obtained from Abcam
(Cambridge, MA).
Cell culture
LNCaP, C4-2 were grown in RPMI 160 medium with 2mM L-glutamine 10% heat
inactivated fetal bovine serum, 100units/mL penicillin and 100pg/mL streptomycin.
DU145, HELA, COS, Hek293T were grown in low glucose DMEM with 10% heat inactivated
fetal bovine serum and 100units/mL penicillin and 10Opg/mL streptomycin.
T24 were grown in McCoy's 5A medium with 10% heat inactivated fetal bovine serum,
100units/mL penicillin and 100 ig/mL streptomycin. All cells were maintained in a 37C
humidified incubator with 5% C02.
For experiments, cells were plated at 2.5e4 cells/cm2 and allowed to attach to plate for 48
hours in full growth media. Then cells were placed in serum free media for 12 hours prior to
drug exposure for an additional 9-60 hours.
Western blotting
Cells were lysed for westerns in lysis buffer (50mM p-glycerophosphate, 10mM Sodium
pyrophosphate, 30mM sodium fluoride, 50mM Tris pH 7.5, 1% Triton X-100, 150mM NaCl,
1mM benzamidine, 2mM EGTA, 100ptM sodium orthovanadate with Complete Mini protease
inhibitors from Roche.) Samples were spun to pellet insoluble components and protein was
quantified with Protein BCA kit from Thermo.
Cleared lysates were run on ReadyGel format from Biorad. Proteins were transferred to
PVDF membranes and block in 5% milk or 5% BSA in accordance with manufacturer's
recommendations. Primary antibodies were diluted in blocking solution at 1:2000 with the
exception of a-tubulin (1:10,000) and p-actin (1:20,000) and incubated at 4C overnight.
Secondary antibodies were diluted at 1:2500 in PBS-0. 1% tween and incubated for 1 hour at
room temperature. Blots were visualized on film with Western Lightning Chemiluminescence
Reagent from Perkin Elmer.
Nucleosome ELISA
Nucleosome Cell Death ELISA kit was acquired from Roche Applied Sciences
(Indianapolis, IN) and used according to the instructions. Cells were lysed after 12 hours of
resveratrol treatment with incubation buffer supplied in the kit. Lysed cells were pelleted with a
12,000rpm centrifugation for 20 minutes. Supernatant was diluted 1:10 in incubation buffer and
100ul of dilutes samples was incubated in ELISA wells. ELISA was quantified with a FLUOstar
Omega plate reader by absorbance at 415nm.
Cell counting
Media was removed and reserved. Trypsin was added to the plate and once cells rounded,
trypsin was neutralized with serum containing media and added to the reversed media. Cells
were pelleted with a 5min spin at 1000rpm and resuspended in an appropriate volume of PBS.
Cells were then diluted 1:2 in trypan blue and counted with a hemocytometer.
Reactive oxygen species assay
Reactive oxygen species were assays from live cells with the fluorescent indicator
H2DCFDA. Cells were plated in black 96 well plates, allowed to adhere for 48 hours, and serum
starved for 12 hours. A solution of H2DCFDA at 7.7mg/mL was prepared in 0.1M sodium
carbonate and then diluted to 1p M in PBS to create a working solution. Cells were incubated in
1p M H2DCFDA for 15 minutes after serum starvation. Following incubation, new warmed
culture media with DMSO or 1OpM U0126 was exchanged for the working solution. Cells were
monitored for ROS generation by fluorescence excitation of 490nm and emission at 420nm at
indicated time points.
Lactic acid assay
Assay was adapted from (1). Briefly, cells were incubated under desired conditions for
24 hours. Media was collected from the plates and spun at 12,000g to pellet any floating cells or
debris. Media was dilutes 1:4 for use in the assay. Assay contains 1 00pL of cleared/ diluted
media in 280mM hydrazine, 467mM glycine, 2.6mM ethylenediaminetetraacetic acid, 2.5mM p-
nicotinamide adenine dinucleotide and 250 units of L-lactic dehydrogenase. Absorbance was
monitored at 340nm continuously in a FLUOstar Omega plate reader every thirty seconds for 1
hour. Steady state absorbance values for each condition were normalized to cell protein content.
Immunofluorescence imaging
For U0126 fluorescence analysis, cells were plated on glass cover slips at a density of
1x10 4 cells/cm2. For mitochondrial visualization, MitoTracker CMXRos was dosed into the
media at 1OOnM for 15 minutes prior to experiment termination. At indicated time cells were
fixed in 3% paraformadehyde for 5 minutes, rinsed in phosphate buffered saline (PBS) and
mounted on microscope slides with Vectorshield mounting media with DAPI. Slides were
analyzed on a Zeiss Microscope (Burlingame, CA).
For staining protocols with ASCT2 and the in vivo purified fluorophore, after fixation
cover slips were blocked for 1 hour in 0.5% bovine serum albumin (BSA) in PBS. Primary
antibody was incubated at 1:100 dilution for ASCT2 or with purified fluorophore (amount
recovered from one confluent plate exposed to lOM U0126 for 12 hours) in 0.5% BSA, PBS
for 1 hour. Slides were washed and ASCT2 stained slides were incubated with cy3-anti rabbit
secondary for 30 minutes in 0.5% BSA, PBS. After extensive washing with PBS, cover slips
were mounted on microscope slides with VectorShield mounting media with DAPI. Slides were
analyzed on a Zeiss Microscope (Burlingame, CA).
ASCT2 localization was scored manually on a Zeiss Microscope by counting nuclei and
the presence or absence of punctate ASCT2 staining associated with each nuclei. For each
condition (done in biological triplicates) 100 or more cells were scored from a minimum of ten
fields.
Cell fractionation
A cell fractionation kit was acquired from MitoSciences (Eugene, OR) and used a
directed. C4-2 cells were serum starved and then incubated with 1OuM U0126 for 12 hours.
Cells were collected and lysed following the kit instructions.
Fluorophore purification and characterization
Cells were scrapped off plates and lysed in phosphate buffered saline with 1% NP-40
with protease inhibitors for 20 minutes on ice. Fluorophore intensity was measured on a
FLUOstar Omega plate reader with an excitation filter of 355nm and an emission filter of 460nm.
For fluorophore characteristics, cells were lysed in phosphate buffered saline with 1%
NP-40. Cleared supernatant was heated to 95C for 1 min and then put on ice to precipitate
proteins. Proteins were removed with 5 minute 12,000g spin. Supernatant was then combined
with a 1/10 volume of saturated ammonium acetate solution to precipitate the fluorophore into a
hydrophobic drop on the surface. The hydrophobic precipitate was captured and used for
excitation/ emission characterization on a Spectramax M2E Molecular Devices (Sunnyvale, CA).
Yeast cultures and fluorescence measurements
Yeast were grown in standard media containing: 1% yeast extract, 2% peptone, and 2%
dextrose or on plates containing: 1% yeast extract, 2% peptone, 2% dextrose, and 2% agar.
Yeast were streaked onto plates and allowed to grow into colonies for 48 hours. Liquid cultures
were inoculate with single colonies and grown at 30*C with 300rpm for 24 hours. For
fluorescence generation experiments, yeast were grown 1mL cultures in the presence of 0.001%
DMSO or 10pM U0126 for 24 hours. Cultures were collected and cell concentration was
measured by OD600. Individual culture volumes were adjusted to standardize total cells assayed
across all conditions. Cells were then pelleted and lysed in 500uL 1% NP40 in phosphate
buffered saline with mechanical disruption from glass beads (sigma # G8772) by vortexing for 3,
1 minute intervals. Cellular debris was pelleted by centrifugation at 12,000g for 5 minutes and
supernatant was assayed on a FLUOstar Omega plate reader with excitation and emission filters
of 355nm/460nm, respectively.
STE7 knockout (STE7 KO) BY4741 yeast strain was verified by polymerase chain
reaction (PCR) with primers designed in the upstream and downstream sequence surrounding the
STE7 wild type (WT) gene, and within the STE7 WT gene or the KanMX cassette. Primers
were designed by Dr Samuel Hasson (NIH) with Clone Manager Suite 7 and include:
KanMXForward: ATGCGCCAGAGTTGTTTC; KanMXReverse:
AACTCACCGAGGCAGTTC; UpstreamForward: GCCCATCTGATGGATTAG;
DownstreamReverse: GGTGAAACACAGGCTAAC; STE7Forward:
TGGCGTACTAAATGGCTTGG; and STE7Reverse: TGCCTTCACCACAGTTCC. Yeast
DNA template for PCR was prepared from individual yeast colonies of WT or STE7 KO.
Colonies were collected from YPD agar plates, resuspended in 10pL of 0.02M sodium hydroxide,
and heated to 95C for 10 minutes. PCR was performed with Platinum PCR SuperMix High
Fidelity (Invitrogen), 3ptL of yeast DNA template, and primers at a final concentration of 200nM.
Amplified DNA from PCR reactions was electrophoresed on 0.7% agarous gels and visualized
with SYBR Gold Nuclei Acid Gel Stain (Invitrogen) under ultraviolet light.
Mitochondrial potential with JC1
At the 12 hours after drug exposure, JCl dye was added to culture media and incubated
for 15 minutes in a 37C humidified incubator. Media and dye were removed and cells were
washed three times with JC-1 wash buffer. Fluorescence was measured with the 485/520 and
544/590 filter sets on the FLUOstar Omega plate reader. Control wells treated with drugs, but
not JC1 were run in parallel and corresponding fluorescent readings were subtracted from stained
wells. Mitochondrial potential was calculated as the ratio between (544/590 - background) /
(485/520 - background).
ATP levels with Cell TiterGlo
Cells were plated in white, opaque 96 well plates and treated with drugs for 9 hours. Cell
TiterGlo reagent was added directly to the wells and incubated for 2 minutes on an orbital rotator
plate. Luminescence was measured over ten minutes on the FLUOstar Omega plate reader.
Steady state values were compared after normalization with protein concentrations from adjacent
wells under the same drug treatment conditions.
Live cell imaging
Images of live cells were taken on a Zeiss Axiovert 40C microscope connected to a
computer which acquired and saved the images.
Lactic acid dehydrogenase activity assay
LDH activity was measured following the directions on the Cayman LDH cytotoxicity
assay kit. Briefly, cells were plated and treated with sodium oxamate for 12 hours at variable
concentrations. Cells from 6 well plates were lysed in 200uL in PBS containing 0.1% Triton X-
100 and diluted 1:10 in PBS with appropriate sodium oxamate concentration to match culture
conditions. Resulting cleared supernatant was combined with LDH reaction buffer provided in
the kit and absorbance at 490nm was monitored every 20 seconds for 20min on a FLUOstar
Omega plate reader. LDH activity was calculated from the slope of the early linear kinetic phase
and normalized to the vehicle treated control sample.
Crystal violet staining
Media was removed from the cells and stained with 0.5% crystal violet in 25% methanol
for 30 minutes. Cells were washed extensively with water and plates were allowed to dry. Dye
was solubilized from dried plates with 10% acetic acid for 20 minutes and absorbance was
quantified at 595nm on a FLUOstar Omega plate reader.
In vitro fluorophore generation
To generate fluorescence from U0126 in an Eppendorf tube, the following components
were mixed and allowed in incubate at room temperature for 1 hour. 50pL of PBS, 1L of
10mM U0126 dissolved in DMSO or 2pL of 100U/gL superoxide dismutase (Sigma #S-2515) or
luL of 10mM EUK134 and 2pL of hydrogen peroxide, 30% by weight (Sigma #216763). All
permutations of reactions were run in parallel and after 1 hour incubation samples were read on a
fluorimeter with excitation of 320nm and emission 51 Onm.
Cyanide assay protocol
Adapted from (2). Briefly, C4-2 cells were plated, serum starved and treated with 10, 20,
or 40ptM U0126 for 24 hours. Cells were scrapped off plates and pelleted. Cells were lysed with
120piL of 1% NP-40 in PBS for 30 minutes and centrifuged to remove insoluble material. An
aliquot of supernatant was removed for protein quantification by BCA. All samples had protein
contents within 10%. 20uL of supernatant was added to the following reaction mixture: 200 L
of 0.01M potassium phosphate, pH 7.4, 200gL pyridoxal phosphate (0.5mg/mL) and 20pL of
water. The reaction was incubated in a heat block at 80C for 45 minutes and then allowed to
cool to room temperature. Reactions were acidified with 200pL of 10% trichloroacetic acid and
spun at 1500g for 5 minutes to pellet insoluble debris. 57 L of the acidified reaction was mixed
with 143p.L of 2M potassium acetate pH 3.8. Fluorescence was measured from the potassium
acetate mixture by exciting at 320nm and recording emission at 427nm. Each set of samples was
run with a standard curve of sodium cyanide samples and the standard curve was used to convert
experimental sample fluorescence to cyanide concentrations. Each condition was run in
biological triplicates.
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Chapter 3: Phenotypic Differentiation Between LNCaP and C4-2 cells, a model of Prostate
Cancer Progression
The objective of the experiments in Chapter 3 was to determine a phenotypic assay that
could identify distinguishing characteristics between the human LNCaP and C4-2 cells line,
which represent early and late stage prostate cancer, respectively. While evaluating cell survival,
I found a differential toxicity to a natural compound, resveratrol, and several responsive
signaling nodes differentially induced between the two cell lines.
3.1 Introduction
In comparison to some other solid tumor systems, there are a limited number of human
prostate cancer cell lines that can be cultivated in vitro and that serve as models for the disease.
LNCaP, PC3, and DU145 are frequently used in vitro models of prostate cancer and they
represent different phases of the disease. However, there are physiologic limitations to each of
these lines. The LNCaP cell line was derived from a lymph node metastasis (1), but displayed
hormone dependence in mouse xenografts (2). In contrast, the PC3 cells were derived from a
bone metastasis (source, ATCCC). Notably, PC3 and DU145 do not express the androgen
receptor (AR), which is expressed in most castrate-resistant prostate cancers in humans. The AR
is the sole member of the nuclear receptor protein family that processes androgenic signals.
Recent progress in prostate cancer research has produced a number of new cell line models with
their own caveats. In the following experiments, I've focused primarily on the LNCaP cell line
which is AR-positive is androgen dependent for its growth in vitro and in mouse xenografts (2).
Conventionally used as a model of early disease, the LNCaP cells display several
contradictory phenotypes in culture. LNCaP cells are able to survive androgen and trophic factor
withdrawal in culture (3, 4) and yet are highly sensitive to phosphoinositide-3 kinase (P13K)
inhibition; P13K inhibitors rapidly induce cell death (5). The LNCaP cells exhibit constitutive
P13K and Akt activation due to loss of the P13K suppressor, phosphatase and tensin homolog (6).
LNCaP cells also harbor a mutated androgen receptor with less substrate specificity than the wild
type protein, allowing it to bind a variety of steroidal hormones including estrogen(7). From a
morphological standpoint, LNCaP cells are also quite distinct from standard prostate epithelial
cells in that they display a long spindle shape with frequent extension of cell processes similar to
neurites { {214 Shen,R. 1997}}. LNCaP cells can be induced to undergo differentiation toward a
neuroendocrine (NE) phenotype in serum free conditions and in response to other culture
manipulations. LNCaP cells in NE-inducing medium are characterized by a circular cell body(8)
and extensive process extension {{214 Shen,R. 1997}}. The clinical relevance of NE features in
prostate adenocarcinoma is still being debated; however human prostate tumors with extensive
patterns of NE differentiation are clinically aggressive (9).
Despite the limitations of the LNCaP cell line model, it has been extensively studied in
the literature, with over 4000 citations in the NCBI Pubmed database. A variety of sub-lines
have been derived from the original LNCaP line and some of these resemble disease progression
to a castrate-resistant state. One model of disease progression was produced by Leland Chung's
laboratory by serially passaging LNCaP cells through mice to select for increasingly aggressive
variants (10). The result of this work was the production of two LNCaP sublines, the C4-2 and
the C4-2b. In vivo, the latter cell line metastasizes to bone, a phenotype of late stage prostate
cancer. In contrast, the C4-2 cells can grow in a castrated mouse without metastasizing (10) and
represent the stage of prostate cancer progression known as castration resistance.
Pairing the LNCaP and C4-2 cells is a powerful tool for examining critical signaling
nodes involved in disease progression without the genomic variation inherent to independently
derived cell lines. The LNCaP/ C4-2 pair have limited mRNA differences, with only 14 to 158
differentially expressed genes identified from array experiments (11-13). Other reported
differences in C4-2 in relation to LNCaP cells include reduced mitochondrial DNA stability and
decreased respiration (14), increased glucose transporter expression (15), and increased
expression of the mitochondrial enzyme creatine kinase (16).
Additional work has evaluated alterations in signaling networks and found differential
sensitivity to HER2 inhibitors (17), increased levels of IGFR1 (18)}, and decreased PKCp[
protein levels in the C4-2 cells compared to the LNCaP cells (19). Cellular signaling from
receptor tyrosine kinases such as HER2 and IGFR1 have been implicated in a variety of cancer
types and are under clinical investigation as therapeutic targets (20). Possibly the most profound
differential signaling found in the LNCaP/ C4-2 pair is a shift from AKT dependence in the
LNCaP cells to mTOR dependence in the C4-2 cells, correlating with a decreased sensitivity to
the androgen receptor antagonist, Casodex (21).(22)
In cell culture assays, C4-2 cells display survival phenotypes common in other aggressive
cancer cell lines when challenged with tumor necrosis factor a-related apoptosis-inducing ligand
(TRAIL) (23), TNFa (24), radiation/ DNA damage response (25), and COX-2 inhibitors
(22). Intriguingly, two investigations showed the inverse relationship, increased sensitivity in
the C4-2 cells compared to the LNCaP cells, when challenged with a natural product, Honokiol,
(26) and to a DNA base analog that inhibits thymidine synthesis (27). These latter observations
are potentially relevant to targeting advanced prostate cancer in patients if they can be translated
into clinically relevant scenarios. C4-2 cells also express several biomarkers characteristic of
disease progression in patient tumor specimens, including CD26 protein (28, 29), upregulated
voltage gate sodium channels (30), and the gene PC-1 (31).
In these studies, I chose the LNCaP/C4-2 progression model as an efficient and plastic
tool to learn about cellular responses to external stimuli. The overall objective was to survey
metabolic pathways in these cells to identify differential nodes in the context of a tumor cell
survival phenotype. The general goal was to gain insight into metabolic perturbations that are
potentially relevant for prostate cancer chemoprevention and therapy.
3.2 Results
LNCaP and C4-2 cells display subtle morphological distinctions in culture. Despite their
epithelial origin, LNCaP cells have an elongated spindle shape, similar to fibroblasts, while the
C4-2 cells are rounder and more compact on standard tissue culture plates. At 70-80%
confluence, C4-2 cells grow in a more compact monolayer compared to LNCaP cells. The
splitting ratio to maintain the two lines in parallel for experimental setups requires a higher
dilution for the C4-2 compared to the LNCaP cells, roughly 1:4 verses 1:3 when split every three
days consistent with the increased growth rate of the C4-2 documented in the literature (21).
Under standard culture conditions, the C4-2 cells acidify their culture media faster compared to
LNCaP cells in a manner consistent with an increased growth rate (21). Morphology, growth
rates, and metabolic observations imply that the C4-2 cells have a subtly shifted phenotype
compared to the LNCaP cells, which may be relevant to the castration resistance of C4-2 cells
seen in mice xenografts and seen clinically with disease progression.
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Divergence in growth rate and metabolism can be linked to growth factor receptor
signaling from autocrine or paracrine activation by cytokines or constitutive activation by
genomic mutations (20). Prostate cancer cells respond to transforming growth factor a, an
epidermal growth factor receptor (EGFR) ligand, by proliferating (6). To investigate the
divergence of the C4-2 and LNCaP cells, I evaluated EGFR signaling in both cell lines. Cells
were plated sub-confluent and serum starved for 12 hours prior to expose to saturating levels
(50ng/mL) of the EGFR ligand, epidermal growth factor (EGF). Activation of receptor tyrosine
kinase activity on downstream substrates was monitored with a phosphotyrosine specific
antibody (4G10) by immunoblotting of whole cell lysates, figure 3-la. The phosphotyrosine
protein level was increased under both basal and ligand stimulated conditions in the C4-2
compared to the LNCaP cells. Examining the dissipation of phosphotyrosine signaling over 1
hours of treatment showed longer signal persistence in the C4-2 cells compared to the LNCaP
cells, figure 3-1b. Total EGFR protein level was approximately the same between the two cell
lines, figure 3.1 c. These data suggest that the C4-2 cells exhibit a hypersensitivity to EGF as
well as increased autocrine signaling, which may result in a survival and growth advantage
relevant to disease progression.
To understand the relevance of EGFR hypersensitivity in the C4-2 cells compared to the
LNCaP cells, I chose to evaluate EGF rescue of a pro-apoptotic stimulus by EGF. The pro-death
stimulus I used was a natural compound, resveratrol, which is cytotoxic to DU145 prostate
cancer cells, but the cell toxicity can be mitigated by EGF stimulation (32). Resveratrol (50pM)
induced elevated programmed cell death in C4-2 compared to LNCaP cells, as measured by
cleaved poly ADP ribose polymerase (PARP) and nucleosome ELISA, figure 3-2a, b. Cell death
was suppressed in C4-2 cells by EGF treatment applied 6 or 9 hours after resveratrol exposure,
figure 3-2c. All treatment conditions produced a similar decline in viable cell number at 24
hours, figure 3-2d. These data suggest that resveratrol is able to differentiate between early and
late stage disease and is selectively toxic in the more aggressive cell line, the C4-2.
To probe the mechanism behind the higher sensitivity of the C4-2 verses LNCaP cells, I
investigated the signaling events reported in the literature to link resveratrol and EGFR signaling.
Specifically, the MEK/ERK pathway has been documented as a critical node in cell survival
following resveratrol treatment (33) and is an important downstream node from growth factor
receptors implicated in prostate cancer (34). Intriguingly, inhibition of MEK with the MEK
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inhibitor U01261 reduced PARP cleavage and DNA fragmentation Figure 3-3a, c. But other
MEK inhibitors of similar potencies and specificities did not reproduce the UO 126 result, figure
3-3a. This finding suggested that inhibition of resveratrol-induced apoptosis by U0126 was
independent of MEK and instead was operating through another mechanism. The mechanism of
action of U0126 in this context and its physiological relevance is further explored in Chapter 4.
The C4-2 cells' increased sensitivity to resveratrol accentuates the essence of cancer
research: How can aggressive cells be selectively targeted to inhibit metastasis and cancer related
death? To elucidate potential nodes where resveratrol may function, I cataloged known
resveratrol targets from the literature2. A subset of these resveratrol sensitive nodes include:
DNA damage response (35), SIRTI (36), AMPK (37), and COX2 (38) and all of these targets
are hypothesized to bind directly with resveratrol, with the exception of AMPK. Many other
proteins are proposed to be involved in resveratrol-induced death, however, given the
multiplicity of cell lines employed in these reports and the inherent variation in biological
systems between laboratories, I chose to focus on the direct targets.
DNA damage is a current chemotherapeutic approach and kills cancer cells by inducing
DNA damage response machinery and cell cycle checkpoints (39). DNA damage response
pathways are often deregulated in cancer allowing cells to bypass checkpoints (40). Resveratrol
is hypothesized to cleave DNA in a copper-dependent manner and activate ATM, one of the
DNA damage kinases (35). To evaluate the DNA damage response, I measured phosphorylation
of the ATM downstream substrate Chk2 on threonine 68, an ATM induced phosphorylation site
(41), and found a robust activation, figure 3-4a. As a measure of the overall network behavior, I
employed a motif-specific antibody for ATM/ATR kinase substrates and probed whole cell
lysate over a 180 minute time course, figure 3-4b. Intriguingly, the C4-2 cells displayed a
different band pattern compared to the LNCaP cells in response to resveratrol treatment, figure
3-4b. A protein band at -37kDa was uniquely activated in the C4-2 cells. Direct identification
of the band was not possible due to poor immunoprecipitation properties of the antibody. An in
silico analysis using a published mass spectrometry dataset (42) did not produce any viable
candidate proteins.
Another target of resveratrol is SIRT 1. Several studies support SIRT 1 as the mediator of
resveratrol's mechanism (43). Recent work has shown AMPK to be the major effecter
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downstream of resveratrol in metabolic models. Specifically, in an AMPK null mouse model,
resveratrol showed no effect on suppressing weight gain on a high fat diet (37). AMPK is
activated under basal condition in the LNCaP and C4-2 cells and is slightly elevated upon
resveratrol treatment at very early time points figure 3-5a. Programmed cell death was partially
suppressed with an AMPK activator, AICAR, figure 3-5b. This effect was minimal and not
reproducible. The role of AMPK and the energy status of the cell will be further explored in
Chapters 4 and 5 of this text. A recent report documents the survival of both cell lines requires
AMPK activation as demonstrated in the literature with cytotoxic effects of an AMPK inhibitor,
compound C (44). Linking AMPK to survival in the LNCaP lines supports the clinical relevance
of these cell lines because of recent reports of metformin, an AMPK activator, reducing the
incidence of prostate cancer in diabetic patients (45).
Resveratrol is also known to induce endoplasmic reticulum (ER) stress leading to cell
death (46, 47). Evaluating ER stress in the cell lines showed the C4-2 cells were slightly more
sensitive to an ER stress agent tunicamycin compared to the LNCaP cells, figure 3-6a. In
addition, the level of ER stress induced by resveratrol was also elevated in the C4-2 compared to
the LNCaP cells, as measured by the induction of CHOP as a surrogate for ER stress, figure 3-
6a,b. The CHOP protein expression data shows resveratrol has a minimal downstream effect on
ER stress and the tunicamycin data imply the C4-2 cells may be vulnerable to an unfolded
protein inducer.
Overall, the data in this chapter revealed a finite set of differences between the LNCaP
and C4-2 cells including: elevated autocrine signaling, differential DNA damage responses, and
sensitivity to resveratrol and tunicamycin. The distinctions between the cell lines support altered
metabolic rates and reinforce the signaling changes found in tumor samples spanning disease
progression.
3.3 Discussion
Growth factor signaling in cancer has many potential phenotypic outcomes including:
proliferation, survival, migration, and invasion [reviewed in (48)]. Growth factor signaling has
also been linked to ligand independent activation of the androgen receptor (49) and shifting cell
metabolism toward aerobic glycolysis (50). Increased autocrine signaling found in the C4-2
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AMPK activator AICAR slightly inhibits resveratrol induced death by cleaved PARP staining
on western blot, but was only sporadically reproducible.
cells may explain the increased aggressiveness and castration resistance found in xenografts and
altered metabolism in culture (21). An increased metabolic state from autocrine signaling may
also explain the increased sensitivity to AMPK inhibitors (44) and ER stress inducers (51).
Overall, increased growth factor signaling in the C4-2 cells is relevant to prostate cancer disease
progression and rationalizes further studies with the LNCaP/ C4-2 model to understand the
associated phenotypic alterations.
Resveratrol is an intriguing natural compound linked to selectively killing cancer cells in
culture while sparing normal cells (52). How resveratrol can make the distinction is still
unknown and resveratrol had minimal efficacy at inhibiting xenograft growth. However,
resveratrol is known to reverse metabolic disorders in mouse models and inhibit tumor initiation
in carcinogenesis experiments (53). Resveratrol's perturbation of metabolism in vivo may
provide insight into how resveratrol selectively kills cancer cells. The increase autocrine
signaling and altered metabolism of the C4-2 cells makes a compelling case for resveratrol cell
toxicity to be partially dependent on cellular metabolism.
DNA damage response is critical to maintaining genomic stability and propagating
genetic material to the next generation of cells. DNA damaging agents, such as cisplatin, have
been the principal chemotherapeutic reagents to target fast dividing tumor cells. This strategy
has the unfortunate side effect of killing any fast dividing cell regardless of its tumorogenic
character. The DNA damage response of normal cells involves the activation of ATM/ATR and
propagation of signals downstream to p53 to induce cell cycle arrest until the damage is repaired.
If damage is not repairable, cells may initiate programmed cell death to avoid propagating DNA
errors. In cancer cells, DNA damage repair programs can be modified or nonfunctional allowing
cells to continue dividing with damaged DNA [reviewed in (54)].
Understanding how cells escape from DNA damage checkpoints is currently an active
area of investigation. DNA damage induced by resveratrol may be involved in the death
mechanism in the LNCaP/ C4-2 cells, but at this point the potential connection is unclear. The
alteration in DNA damage response signaling identified with the ATM/ATR motif antibody in
the LNCaP verses C4-2 cells is consistent with the decreased sensitivity to radiation and cisplatin
of the C4-2 cells (55) My data and the current literature warrants further comparison of these
lineage
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related cell lines to identify signaling nodes responsible for chemotherapeutic and radiation
resistance in advanced prostate cancer.
3.4 Further Work
This portion of my thesis work was an open ended search to find phenotypes and nodes
that could differentiate the two cell lines as a representation of disease progression. As with any
such scientific surveying approach, many avenues were partially investigated or left for future
exploration. One such avenue was the differential DNA damage responses between the two cell
lines and this avenue should be further investigated because of the diversity on DNA damaging
agents used clinically. In addition, with the development of new metabolic profiling
technologies to globally assay metabolites fluxes, unparalleled insights into disease progression
can now be obtained. Understanding metabolism in prostate cancer is particularly relevant due
to the dietary and known metabolic disorders shown to increase disease incidence. The LNCaP
C4-2 cell line model would be ideal for metabolic profiling due to isogenic status and few
documented gene expression alterations. Another conceivable node to evaluate in the system
might be creatine kinase, which is reported to be upregulated in the C4-2 cell line (16), is
involved in energy homeostasis, and is potentially inhibited by resveratrol (56). This connection
seems prudent due to the metabolic difference observed between the cell lines described here and
in the literature.
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Chapter 4: U0126 is a mitochondrial inhibitor
Given the contradictory inhibition of apoptosis with the inhibitor U0126 documented in
Chapter 3, I hypothesized U0126 has a secondary mechanism of action and in this chapter I
confirmed U0126 is a mitochondrial inhibitor. Mitochondrial inhibition was deduced from
culture media acidification and confirmed by measuring mitochondrial potential and
mitochondrial dependent ATP production in the presence of UO 126. Cells treated with U0126
become dependent on aerobic glycolysis and dual dosing U0126 with a lactate dehydrogenase
inhibitor produces synergistic cell death confirming the dependence. A chemical mechanism of
U0126's action is postulated and supported, but remains to be proven by structure activity
relationship data.
4.1 Introduction
MEK inhibition is a widely studied in biology due to the intriguing kinetic nature of the
mitogen-activated protein kinase (MAPK) cascades. The cascade involves three sequential
kinases and feedback amplification can lead to a binary output (1). The discovery and
characterization of the kinetics of the cascade elucidates how cells may receive, but selectively
propagate incoming signals from the environment. The MEK/ERK pathway is classically
defined as pro-growth and pro-survival and is implicated in tumor biology [reviewed in (2)].
Targeting MEK in cancer is one mechanism to combat constitutively active or hypersensitive
growth factor receptor signaling networks which lie upstream of multiple MAPK networks.
ERK is a particularly important target in prostate cancer where its activation is enhanced with
disease progression in patient tumor samples (3). In vitro cell culture experiments have
confirmed the role of MEK/ERK in androgen independent activation of PSA expression (4). The
biological and clinical relevance of MEK/ERK has led to the development of small molecule
inhibitors as tools to study the cascade.
One MEK inhibitor developed is U0126. Over 3500 papers have cited U0126 since it
was discovered in 1998, based on a search of the NCBI Pubmed database (5). The inhibitor is
employed in fields as diverse as neurobiology (6), development (7), adipogenesis (8), and cancer
(9). In vivo, U0126 has been used to treat mouse tumor xenografts (10) and ischemia/
reperfusion animal models (6) but has not progressed into clinical trials. U0126 is a widely
available compound with great utility in biological systems, but a subset of articles question the
specificity of the drug. Understanding the chemical structure, binding dynamics, and previous
literature provide a platform on which to further investigate and hypothesize other mechanisms
of action of U0126.
U0126 was produced from the reaction of a conjugated thiol with tetracyanoethane (5)
resulting in a symmetric structure and UO 126 inhibits recombinant MEK with an IC50 of 70nM
(5). Other derivatives of UO126 including U0125 and U0124 are produced from the same
tetracyanoethane reaction, but with different conjugated thiol compounds (5). U0125
demonstrates a ten fold lower affinity for MEK while U0124 has no inhibitory effect and is
considered a negative control compound. Based on structures, U0124 is much smaller and
potentially chemically distinct without the terminal benzene rings, Table 3-1. An additional
analog of UO 126, SL327, contains part of the structure of UO126 and displays similar binding
affinities for MEK (original article explaining SL327).
A variety of chemically distinct MEK inhibitors are also currently available on the
market including: PD98059, PD184161, and PD325901. The latter two compounds have
increased affinity for MEK with IC50 of 10-1OOnM (11) and 0.33nM, (12) respectively and
PD325901 has proceeded into clinical testing (13, 14). The oldest of the MEK inhibitor,
PD98059, is also well documented in the literature and based on NCBI Pubmed database
searching is the most employed MEK inhibitor in biology. PD98059 has a lower affinity for
MEK compared to U0126, with an IC50 of lOM (15), and is typically dosed between 2040AM
in cell culture. Given the diversity of inhibitors against MEK, U0126 and PD325901 stand out
because they both bind to the same structure on MEK as documented from crystal structure
analysis (16). Therefore PD325901 is an invaluable control compound for assaying other
functions of UO 126, and validating these function are independent of MEK.
The specificity of UO 126 for MEK1/2 is based on failure of the drug to inhibit a panel of
11 other kinases (5). Other potential binding partners or cellular perturbations were not
considered in this report. Several subsequent studies have attributed other functions to U0126.
In 2003, a general study evaluated kinase inhibitor specificity against non-kinases, U0126
inhibited a-chymotripsin, p-lactamase, and MDH with IC50 values in the micromolar range, at
least two fold above the IC50 value for MEK1/2. In addition, these investigators hypothesized
Table 4-1: MEK inhibitors
H2
Mek Inhibitors
and measured an aggregation of U0126 particles in solution and postulated the aggregate was
responsible for enzyme inhibition. (17)
Other articles reported off target effects of UO 126 activating AMPK (7) and AhR (18)
and recommend caution when investigating the role of MEK in these signaling pathways. In
contrast, Yung et al found U0126, PD98059 and PD 184161 all kill cells under glucose free
conditions by inhibiting the F IF0atpase and ATP production by oxidative phosphorylation (19,
20). The authors concluded the mechanism of FlFOatpase inhibition is an indirect effect of MEK
(19, 20), however their data set is partially inconsistent and involves excess doses of all three
drugs. Further confusion about U0126 appeared in 2002 when Blank et al documented a
background fluorescence signal correlating with UO 126 treatment in flow cytometry experiments
(21). The authors showed a time, dose, and metabolism dependence to the fluorescence, but
failed to explain the source or cellular impact. Blank et al concluded U0126 should not be used
in flow cytometry experiments (21). These reports suggest a secondary or tertiary mechanism of
action of U0126 in biological systems.
The reported off target effects of UO 126 are an intrinsic liability of any small molecule
drug. Secondary targets of drugs should not be ignored, but provide rationale for careful and
explicit validation and interpretation of biological experiments. Further investigating target
independent effects of small molecule drugs may elucidate biological insights relevant to
interpreting past work and devising future experiments. Given the implication of a MEK
independent function of U0126 in suppressing resveratrol-induced death in the C4-2 cells, I
choose to evaluate how U0126 may further perturb biological systems.
4.2 Results
The U0126 alteration of cell death induced by resveratrol was documented in Chapter 3,
but the shift in apoptosis could not be attributed exclusively to MEK because other MEK
inhibitors failed to confirm the effect, figure 3-3a. The U0126 result implied either a pro-death
role for MEK consistent with current paradigms in neuroscience (6) or an off target effect of the
drug.
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Figure 4-1: U0126 is the only MEK inhibitors producing mitochondrial fluorescence. (a)
LNCaP cells labeled with Mitotracker CMXRos and DAPI staining display a specific
perinuclear fluorescence in the FITC channel after 12 hours of exposure to 10pM U0126. (b)
C4-2 cells were collected and fractioned with a Mitosciences kit. Fluorescence was found only
in the mitochondrial fraction and fractions were confirmed with western blotting. (c)Multiple
MEK inhibitors were incubated with C-2 cells for 12 hours, lysed and fluorescence of the
supernatant was assayed. (d) 10pM U0126 was dosed on a variety of mammalian cell lines
for 12 hours and cell lysates were assayed for fluorescence. (f) BY4741 WT and STE7
knockout (KO) yeast were grown in the presence of 10pM U0126 or DMSO for 24 hours and
fluorescence was quantitated from cell extracts.
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U0126 Correlating Fluorescence
While investigating the role of U0126 in resveratrol-induced death3, I detected a
perinuclear fluorescence signal in the FITC channel in the absence of a FITC secondary antibody
correlating with 1 OpM UO 126 treatment alone, figure 4-la. The perinuclear fluorescence co-
localized with a mitochondrial specific stain, MitoTracker CMXRos, figure 4-la and was only
present in the mitochondrial fraction from whole cell fractionation confirming mitochondrial
localization, figure 4-1b. The mitochondrial localization of U0126 dependent fluorescence
suggests U0126 may react in the mitochondria or perturb mitochondrial function. Other MEK
inhibitors (20pM PD98059, lpM PD325901 or 1pM PD184161) and analogs of U0126 (10pM
U0124, 10 gM U0125, or 10 M SL327) did not produce fluorescence, figure 4-1c. However,
multiple mammalian cell lines (HELA, COS, DU145, Hek293T) and yeast (BY47141) could
produce fluorescence when treated with 10 M U0126, figure 4-1d. I concluded the specific
structure of U0126 produces or induced fluorescence by a mechanism common to eukaryotic
cells.
To demonstrate U0126 induced fluorescence is independent of MEK, I acquired a STE7
knockout (KO) yeast strain from Open BioSystems (Thermo). STE7 is the yeast homolog of
MEK and the knockout is viable, providing a platform on which to test the fluorescence
dependence on MEK. Yeast knockout strains have the complete gene removed from the genome
and replaced with a KanMX cassette, removing any ambiguity about low gene expression
characteristic of siRNA or shRNA knockdown experiments in mammalian systems. The STE7
KO strain was verified by polymerase chain reaction (PCR) to ensure the correct insertion of the
KanMX cassette in the STE7 locus. STE7 KO and wild type (WT) yeast were cultured for 24
hours in complete medium in the presence of 10 M UO 126 or DMSO and then assayed for
fluorescence generation. Both yeast strains produced the same U0126 fluorescent product found
in the mammalian cells. These data indicate that STE7/MEK is not required for U0126 induced
fluorescence.
To characterize the fluorescence correlating with U0126 treatment, C4-2 whole cell
lysate was fractionated to remove insoluble lipids, membranes, proteins and salt. The final
extraction step was a 2:1:1 chloroform: methanol: water extraction in which the fluorescence
partitioned into the organic phase and the organic solvent was evaporated under vacuum.
Interestingly, the fluorescence was quenched when dissolved in chloroform or methanol. For
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Figure 4-2: Mitochondrial Inhibition by U0126. (a) Lactic acid levels in media from LNCaP
and 04-2 cells in serum free media exposed to 10pM U0126 for 24 hours (b) Mitochondrial
membrane potential and (c) mitochondrial dependent ATP levels in 04-2 cells exposed to
10pM U0126, 10pM U0125, 10pM U0124, 1pM PD325901, or 10pM SL327 for 12 or 9 hours
respectively. (d) Reactive oxygen species in C4-2 and LNCaP cells measured with
H2DCFDA were suppressed with 10pM U0126 treatment over a 12 hour time course.
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fluorimetric characterization, the fluorescence fraction was dissolved in water and had excitation
and emission peaks of 365±5nm and 420±5nm, respectively. These excitation/ emission peaks
are characteristics of a conjugated Schiff base which has the general structure: (-N=C-C=C-N-)
and is found in lipid peroxidation and other oxidation products (22). However, lipid
peroxidation products are generally extracted from tissues and cell with 2:1 chloroform:
methanol extraction and have measureable fluorescence in the organic solvent mixture (22). The
properties of the fluorescence differ from traditional lipid peroxidation products because the
fluorescence is quenched in organic solvents, but the excitation/ emission characteristics are
within the range for a conjugate Schiff base (22).
Overall this data supports the structure of UO 126 as a critical element in the induction of
fluorescence because the analogs U0125, U0124, and SL327 were unable to induce fluorescence.
The identity of the fluorescence was undeterminable from the characterization, but may contain a
conjugated Schiff base producing solvent dependent fluorescence.
U0126 and Mitochondrial Inhibition
In addition to fluorescence, U0126 treatment altered cell morphology producing a
flattened cell shape (figure 4-3a) and acidified the culture media after 12 to 24 hours. Media
acidification suggests cells may excrete more lactic acid, the final product of aerobic glycolysis.
An absorbance based assay measured increased lactic acid content in the media of UO126 treated
cells at 24 hours compared to vehicle treated control cells, figure 4-2a. Integrating the increased
lactic acid excretion and the mitochondrial fluorescence, I postulated UO 126 may be a
mitochondrial inhibitor independent of MEK inhibition. In fact, UO 126 decreased both
mitochondrial membrane potential, figure 4-2b, and, figure 4-2c, mitochondrial produced ATP at
12 and 9 hours in the C4-2 cells, respectively. The time points were chosen to illustrate how the
mitochondrial inhibition may be relevant to resveratrol-induced death, which starts at 12 hours.
Other MEK inhibitors did not inhibit mitochondrial potential or ATP levels implying the
mitochondrial alterations were independent of MEK. In addition, reactive oxygen species (ROS)
were suppressed in C4-2 and LNCaP cells during the 12 hour exposure to UG 126 compared to
DMSO treated control cells, measured by H2DCFDA, figure 4-2d. This result is contradictory to
most mitochondrial inhibitors which increase ROS production (23), but may hint at an absorption
of ROS by U0126 resulting in modification or degradation of the inhibitor. Specifically, if
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Figure 4-3: Biological Relevance of U0126 Mitochondrial Inhibition. (a) C4-2 cell
morphology at 48 hours after exposed to MEK inhibitors and the lactic acid dehydrogenase
inhibitor, sodium oxamate. (b) Cell viability at 48 hours in the C4-2 and T24 cell lines dosed
with Mek inhibitors: U0126 (U) or DMSO (D) and sodium oxamate (OX) at indicated
concentrations. (c) Cell viability from trypan blue cell counts of C4-2 cells exposed to Mek
inhibitors and sodium oxamate for 48 hours. (d) Lactic acid dehydrogenase enzyme rate from
C4-2 cells is inhibited by sodium oxamate predosed onto the cells and inhibitor concentration
was maintained in assay conditions.
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UG 126 is able to react with reactive oxygen species, then it may then react with other proteins or
change its structure, perhaps becoming fluorescent. Overall, I concluded U0126 inhibits
mitochondrial function and increases aerobic glycolysis.
UO 126 Mitochondrial Inhibition is Biologically Relevant
All mammalian cells require either aerobic or anaerobic glycolysis to generate energy and
survive. Glycolysis can be auto inhibited if the end product pyruvate is not consumed by the
mitochondria or converted to lactate by lactate dehydrogenase (LDH) and results in cell death. If
U0126 substantially inhibits mitochondrial function and oxidative phosphorylation, then dosing
U0126 with an LDH inhibitor should result in synergistic death. This experiment parallels the
work done previously (19), where the authors demonstrate 50pM U0126 kills astrocytes in
glucose free medium in addition to other cell lines. In this paper death induction by UO 126 was
attributed to MEK because dosing other MEK inhibitors: PD98059 at 75 pM and PD 184161 at
1 OgM produced similar results. However, the dosages in for all the inhibitors were substantially
higher than necessary to inhibit MEK/ERK. I move beyond the previous work to show that
U0126 suppression of mitochondrial function is independent of MEK and relevant at a
reasonable concentration of 1 OpM. MEK independence is established with the inhibitor
PD325901 which binds to the same site on MEK (16), but with a 100 fold higher affinity (12)
and fails to produce the metabolic phenotypes of U0126.
To evaluate the MEK independence of U0126 on cell metabolism, I dosed U0126 with an
LDH inhibitor, sodium oxamate, on two cancer cell lines, the C4-2 cells and the T24 cells, a
bladder cancer cell line. In tandem, the MEK inhibitor, PD325901, or the U0126 analog U0124
were dosed as control compounds with and without sodium oxamate. Evaluating survival at 48
hours by crystal violet staining, figure 4-3b, and cell counting, figure 4-3c, U0126 induced
synergistic death in both the C4-2 and T24 cell lines while the control compounds did not.
The synergistic death from dual treatment of U0126 and sodium oxamate supports
U0126's function as a potent mitochondrial inhibitor. PD325901 did not induce death when
paired with sodium oxamate supporting U0126 acting independently of MEK to induce death.
This demonstration of synergistic cell death by U0126 in the presence of sodium oxamate
confirms previous reports (11, 24), but here I have also demonstrated independence from MEK.
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Figure 4-4: In vitro fluorescence generated from U0126. (a) Fluorescence generation from 3 hour
incubation of 10pM U0126 in COS cells with a variety of antioxidants and mitochondrial inhibitors. (b)
In vitro fluorescence generated from U01 26, hydrogen peroxide, and the MnSOD mimetic, Euk1 34, or
a purified bovine superoxide dismutase. (c) C4-2 cells treated with 10pM U0126, 10pM Euk134 or the
combination for 9 hours. Treatment of U0126 alone induced fluorescence and suppressed
mitochondrial potential, and the effects were enhanced with dual treatment with Euk1 34..
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Chemical Mechanism of Mitochondrial Inhibition
To understand how UO 126 inhibits mitochondrial function, I attempted to determine if I
could inhibit U0126 dependent fluorescence generation in COS cells. Given the localization of
the fluorescence in the mitochondria and altered ROS levels with U0126 treatment, antioxidants
and mitochondrial inhibitors were employed to see if oxidative species or mitochondrial function
were responsible for fluorescence induction. Figure 4-4a shows fluorescence levels three hours
after U0126 and simultaneous antioxidant/ inhibitor treatment. Fluorescence was not inhibited
by ascorbic acid, oligomycin, FCCP, or antimycin A, but was enhanced by the MnSOD mimetic,
EUK134. MnSOD is a manganese dependent superoxide dismutase localized in the
mitochondria which scavenges free radicals to mitigate oxidative damage to cellular structures
[reviewed in (25)]. Superoxide dismutatases can also act as electron donors under certain
conditions (26).
Given the enhanced fluorescence with the MnSOD mimetic and the fluorescence
specificity for the structure of UO 126 compared to UO 125, I postulated UO 126 might be directly
modified to produce fluorescence in cells. Cyclization of U0126 has been investigated to
enhance MEK binding properties (27), but none of these products produced fluorescence when I
repeated the published reactions (data not shown). Attempting to modify U0126 by an
alternative reaction, I combined the following in vitro to mimic the mitochondrial environment:
U0126, hydrogen peroxide, and EUK134 and incubated the reaction for an hour. The reaction
produced a soluble fluorescent product and replacing EUK134 with a purified superoxide
dismutase from bovine erythrocytes produced a similar fluorescence. Fluorometric
characterization showed the fluorescence had excitation/ emission peaks of 320+/- 10nm and
510+/- 1 Onm. Overall, I concluded U0126 is capable of becoming fluorescent in an oxidative
environment and has the potential to become the fluorescent species found in vivo.
Given the possible direct link between U0126 and induced fluorescence, I wanted to
determine if there was also a link between fluorescence generation and mitochondrial
dysfunction. To establish a correlating relationship between the latter two phenomena, I took
advantage of the ability of EUK134 to enhance fluorescence and determine if mitochondrial
function was further inhibited. EUK134 is a MnSOD mimetic which enhances U0126 induced
fluorescence (figure 4-4a). To test the relation between fluorescence and mitochondrial function,
C4-2 cells were cultured in serum free conditions with 10pIM U0126, 10 pM EUK134 or the
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Figure 4-5: Chemical Modification of U0126 Hypothesis. (a) Chemical structure of U0126
and reported cyclization product of U0126 (Dunica, JV et al 1998). (b) Chemical structure of
a known fluorescent compound found in the fluorophore database online. (c) Cyanide ion
quantified from cell lysates after 12 hour exposure of C4-2 cells to 10pM, 20pM, 40pM of
U0126.
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combination of the two for 9 hours. U0126 fluorescence was assayed prior to mitochondrial
membrane potential with JC-1 staining. EUK134 enhanced U0126 fluorescence and also further
inhibited mitochondrial function (figure 4-4). This data inversely correlates U0126 induced
fluorescence with mitochondrial function and implies the fluorescence relates to mitochondrial
inhibition. In addition, this data also supports mitochondrial inhibition by UO 126 being
independent of MEK.
Given the potential for UO 126 to become fluorescent through chemical modification, I
attempted to determine if a decomposition product could explain the mitochondrial inhibition.
U0126 has two nitrile groups on its backbone which are chemically incompatible with the
electron conjugation needed for fluorescence because nitrile groups are electronegative. By first
principles, the release of the nitrile groups could support fluorescence induction and
simultaneously generate cyanide, a mitochondrial complex IV inhibitor. This hypothesis was
supported by the structure of a known fluorophore C3-Thiacyanine Dye
(http://www.fluorophores.tugraz.at/), figure 4-5b, which resembles one of the U0126 cyclization
products, figure 4-5a. Given this comparable compound, I hypothesized that one or both of the
nitrile group might be lost when U0126 decomposed or reacted in the mitochondria.
To test the hypothesis, I incubated 10pM, 20pM, or 40pM U0126 with C4-2 cells for 24
hours and collected whole cell lysates. Adapting a protocol from the literature, I assayed cyanide
ion levels4 in the cell lysates and found increasing cyanide with increasing U0126 concentrations,
figure 4-5c. The concentration of cyanide in the cell lysates was significantly lower than the
theoretical limit, if all the U0126 had completely decomposed. The cyanide ion level measured
in the experiment may be underestimating the true cyanide level in cells because cyanide readily
degasses from cell culture media (28).
Overall, the results support U0126 inhibiting mitochondrial function at doses commonly
used in the literature and independently of MEK inhibition. U0126 may inhibit mitochondria by
reacting or degrading in the oxidative environment of the mitochondria releasing cyanide, an
inhibitor of complex IV. Understanding the behavior of U0126 in cells may help explain
previous and future contradictions about the role of MEK in biological systems where U0126 is
applied as a small molecule inhibitor.
4.3 Discussion
In this chapter, I confirmed the U0126-induced fluorescence reported previously by
Blank et al. (21) and the mitochondrial inhibition reported by Yung et al. (19). I provided a
substantive link between the two previous reports by localizing the fluorescence in the
mitochondria and demonstrating a possible reaction of UO 126 in the mitochondria to produce a
fluorescent species and release cyanide. I was able to decouple the MEK inhibition from the
action of U0126 in the mitochondria by employing the MEK inhibitor PD325901 which binds
MEK at the same site as U0126, but failed to induce the same metabolic phenotypes. The
composition of the fluorescence remains unknown, but the excitation and emission peaks
correspond to a conjugated Schiff base structure though the fluorescence was quenched in
organic solvents implying it is not a lipid peroxidation product. It is possible that a specific
decomposition of UO 126 could result in the conjugated Schiff base structure, but that was not
investigated here.
U0126 as a mitochondrial inhibitor has implications in experimental design, interpreting
published work, and therapeutic approaches. A selected example of how U0126 may confound
experimental interpretations is found in the ischemia reperfusion literature. Specifically,
mitochondrial inhibition may be responsible for the decrease in infarct size attributed to MEK in
brain ischemia/ reperfusion experiments performed with U0126 (6,29, 30). Other brain
ischemia/ reperfusion experiments with the mitochondrial uncoupler 2,4-dinitrophenol have
similar infarct reductions (31). This is one of many papers I have found which in light of
U0126's mitochondrial inhibition that calls into questions the conclusions of the study. The
convoluted function of UO 126 as both a mitochondrial and MEK inhibitor warrants validation of
U0126 based experiments with additional small molecule inhibitors or genetic knockdowns.
As a multifunctional drug, U0126 may be useful therapeutically for targeting cancer cells
like other "dirty drugs" documented in the literature such as the ABL inhibitor Imatinib
(Gleevec) (32). U0126 would inhibit both MEK and mitochondrial function, potentially slowing
growth rates in cancer cells. MEK is a particularly relevant target in prostate cancer where it can
be overexpressed (33). To determine if U0126 is a potential therapeutic, a kinetic and temporal
analysis would need to be undertaken to determine if mitochondrial inhibition varies between
cancer and normal cells. In addition, I hypothesize that pairing U0126 with a clinical glycolysis
Table 4-2: U0126 and proposed analogs to verify the mechanism of mitochondrial
inhibition and fluorescence generation in cells.
U0126
Compound 1
I &H 2, 
H2
Compound 2 H2
H2
Compound 3 H
H2
inhibitor, like 2-deoxyglucose, might be relevant in vivo to target aggressive tumor cells due to
5
their higher metabolic rate
4.4 Further work
The major limitations I encountered in exploring the secondary effect of U0126 was a
lack of technical expertise in chemical synthesis. I attempted to produce an analog of U0126
lacking the nitrile groups on the back bone by substituting a dicyanoethane for the
tetracyanoethane used in the original synthesis scheme (5). However, the chemistry of
dicyanoethane is significantly different from tetracyanoethane and readily polymerizes in the
reaction conditions of 2N sodium hydroxide. To validate the release of cyanide and subsequent
cyclization to produce fluorescence, future work should produce a variety of analogs of UO 126
without the amine and nitrile groups on the backbone, Table 4-2. If the cyanide release
hypothesis is correct, compound 1, lacking the nitrile groups, should be unable to induce a
metabolic shift. Compounds 2 and 3 may inhibit or partially inhibit the chemical mechanism
involved in displacing the nitrile groups if cyclization is necessary. I would anticipate none of
the compounds would generate the same fluorophore as U0126, though compound 1 may
fluoresce like the in vitro product in cells or in acid alone. In addition, a second method should
be employed to verify the release of cyanide in cells such as GC/MS. GC/MS would avoid the
pitfalls of the chemical assay I used which may cross react with other molecules.
Understanding the structure, activity relationship of UO126 may allow for the rational
design of other drugs to inhibit mitochondrial function or generate new fluorescent mitochondrial
tags.
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5 Glutamine Metabolism and Resveratrol Toxicity
The objective of Chapter 5 is to build on the role of U0126 as a mitochondrial inhibitor to
understand what nodes resveratrol targets in cancer cells. Investigating mitochondrial pathways
and divergence in cancer lead me to find a glutamine metabolism dependence of resveratrol-
induced apoptosis.
5.1 Introduction
Resveratrol was chosen in Chapter 3 because it is selectively toxic to cancer cells and
resveratrol-induced apoptosis was previously attenuated with EGF stimulation (1) implying the
drug was relevant to the LNCaP/C4-2 model with differential growth factor signaling responses.
In the greater literature, resveratrol has been proposed as a chemopreventive for prostate cancer
(2) and has substantial efficacy in treating metabolic disorders in mouse models including
obesity, insulin resistance (3), and nonalcoholic fatty acid liver disease(4). Resveratrol's cancer
specific cytotoxicity and metabolic phenotype reversions imply resveratrol may target a cell
metabolism critical for cancer cell survival.
As mentioned in the introduction, cell metabolism in an evolving area of research for
cancer therapeutics and integrates into many oncogenic pathways (5-8). Activation of
phosphoinositide 3-kinase /AKT signaling can result in increased glucose import and
consumption (9), necessary in cancer cells to fuel to growth and proliferation. Another
oncogenic node, MYC can increase glutaminolysis and inducing glutamine addiction when
overexpressed (6) (10). Recent work shows P13K loss and MYC overexpression are
significantly correlated in a subset of tumor samples from prostate cancer patients (11). If
alterations in these nodes correlate with metabolic phenotypes in vivo, then this subset of
patients may benefit from metabolic interventions.
Glucose and glutamine fuel distinct cellular functions, but recent work in the literature
has demonstrated a co-dependence between the two metabolites. Specifically, glucose
deprivation leads to suppression of glutamine uptake through impaired glycosylation of growth
factor receptors which may drive the expression of glutamine transporters (12). The data implies
another mechanism of inhibiting glutamine uptake because glutamine transporters like ASCT2
are also glycosylated and may be lost from the cell surface by a similar mechanism. The
glutamine transporter ASCT2 has recently been implicated in uptake of leucine and regulation of
the mTOR signaling network (13) as well as being over expressed in cancer cell lines (14-16).
These studies provide an interesting and exciting avenue in which to ponder and evaluate
metabolism in cancer (17).
5.2 Results
Given that the MEK inhibitor U0126 is also a mitochondrial inhibitor, I wanted to
determine if explicit mitochondrial inhibition was relevant to the programmed cell death induced
by resveratrol. Common mitochondrial inhibitors including oligomycin, FCCP, antimycin A,
and rotenone did not alter resveratrol-induced programmed cell death, figure 5-1. These drugs
all inhibit mitochondrial membrane potential within one minute (18) in contrast to U0126 which
appears to take as long as 12 hours.
U0126 inhibits mitochondria and induces aerobic glycolysis, implying a shift in cell
metabolism. In cancer, mitochondrial function is altered to provide substrates for biosynthesis
rather than energy production [reviewed in (19)]. Specifically, cancer cells use the TCA cycle
substrate citrate for lipid synthesis, but must substitute a-ketoglutarate derived from glutamine
into the cycle to maintain the mass flux (19). Slow mitochondrial inhibition by U0126 may alter
flux of metabolites in and out of the mitochondria decreasing lipid synthesis and altering
glutamine consumption6 .
If U0126 alters glutamine metabolism as a downstream effect of mitochondrial inhibition,
then perhaps resveratrol-induced death is dependent on glutamine metabolism. I tested the
dependence of resveratrol-induced death on the supplementation of TCA cycle intermediates by
targeting transaminases. Alanine and aspartate transaminases convert glutamate to a-
ketoglutarate in the cytosol (aspartate transaminase also has a mitochondrial isoform) for import
into the mitochondria (20). Two transaminase inhibitors7, cycloserine (21) and amino oxyacetate
(AOA), inhibited programmed cell death by resveratrol at 12 hours as measured by PARP
cleavage and nucleosome ELISA, figure 5-2a, b. The inhibition of death was partially reversible
with the exogenous addition of dimethyl-a-ketoglutarte, which is membrane permeable.
Transaminases produce a-ketoglutarate indirectly from imported glutamine and some
cancer cells have increased glutamine uptake (19). To determine if glutamine levels were critical
for resveratrol-induced death, glutamine was removed or reduced in serum free media prior to
resveratrol treatment. Under these conditions, resveratrol failed to induce the same level of
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Figure 5-1: Mitochondrial inhibitors fail to alter resveratrol induced death. C4-2 cells
were serum starved for 12 hours and treated with mitochondrial inhibitors at the indicated
concentrations and 25uM Resveratrol for an additional 12 hours. Death was assayed with
by western blot for cleaved PARP.
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cleaved PARP at 12 hours, figure 5-3a. Supplementation of dimethyl-a-ketoglutarate in place of
the reduced glutamine concentrations recovered resveratrol-induced PARP cleavage, figure 5-3b.
In addition, C4-2 cells survived resveratrol treatment at 60 hours in glutamine free media
compared to 2mM glutamine as documented by crystal violet staining, figure 5-3c. Glutamine
free media did not induce morphological signs of distress in cells. Glutamine metabolism was
required for resveratrol-induced death because a non-metabolizable analog, 6-diazo-5-oxo-L-
norleucine (DON), failed to restore resveratrol-induced PARP cleavage in glutamine free media,
figure 5-3c. As an experimental control, I attempted to determine if cell cycle arrest could
suppress resveratrol-induced apoptosis. This seemed prudent because both transaminase
inhibitors and glutamine withdrawal are reported to induce cell cycle arrest (22, 23). Inhibition
with nocodazole (microtubule inhibitor), colchicine (tubulin inhibitor), roscovitine (CDK2
inhibitor) and olomoucine (CDC2/CDK2 inhibitor) did not suppress resveratrol-induced
apoptosis, figure 5-4a, b. In addition, necrotic cell death was measured by assaying for lactate
dehydrogenase enzyme activity in the culture medium at 12 hours after resveratrol exposure,
figure 5-4c. Glutamine free media and cycloserine treatment did not increase necrotic cell death
in a statistically significant manner. Overall, I conclude that resveratrol-induced programmed
cell death is dependent on the metabolism of glutamine, partially through a mitochondria-
dependent mechanism.
Glucose Inhibition Hypothesis
Glutamine utilization is increased in cancer cells and its uptake has also been linked to
glucose uptake (12), implying interdependence. In addition, resveratrol has been shown to
inhibit glucose uptake in cell culture (24, 25). To investigate the metabolic uptake state of the
cells, I assayed the phosphorylation of p70S6K at S68 which is quickly lost in both glucose and
glutamine deprivation (12, 13). Resveratrol rapidly decreased phosphorylation of p70S6K
within one hour of treatment in both the LNCaP and C4-2 cells, figure 5-5a. Resveratrol
dependent p70S6K dephosphorylation has been reported in the literature, but never linked to
glucose uptake inhibition (26, 27). Altered p70S6K phosphorylation at early time point
correlates with the temporal dynamics documented for p70S6K phosphorylation glutamine
withdrawal, supplementation experiments (13). Extrapolating my results with the literature
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Figure 5-2: Transaminase inhibitors block resveratrol induced apoptosis in C4-2 cells.
C4-2 cells were serum starved for 12 hours with transaminase inhibitors at the indicated
concentrations. After serum starvation, resveratrol was dosed at 25uM for an additional 12
hours. Death was assayed by blotting for (a) cleaved PARP and with (b) a nucleosome
ELISA kit.
............ -- -- -------
supports resveratrol inhibiting glucose uptake, though I have not been able to assay this
phenomenon here.
Glucose uptake may also regulate glutamine uptake through the glycosylated transporter
ASCT2. Previous work on ASCT2 has found knockdown of the transporter inhibits survival in
some hepatoma cells (14, 28) and overexpression of the transporter in other cancer cell lines (15).
To evaluate if glutamine transporter levels are significantly different in my isogenic cell lines
model I evaluated ASCT2 protein expression levels by western blot, figure 5-5b. The C4-2 cell
express significantly higher levels of ASCT2 compared to the LNCaP cells and the level of
ASCT2 correlates with resveratrol sensitivity. Differential expression of ASCT2 may be
attributable to increased autocrine growth factor signaling in the C4-2 cell line because ASCT2
expression has been previously linked to EGFR signaling (7, 29). I hypothesize the C4-2 may
have increased glutaminolysis compared to the LNCaP cells due to elevated growth factor
signaling and increased protein expression of ASCT2. This hypothesis remains to be validated
in future work.
As a glycosylated glutamine transporter (30), ASCT2's cellular localization could act as a
metric for glycosylation or glutamine uptake inhibition. Immunofluorescence analysis of
ASCT2 showed a relocalization of the protein into an internal structure of the cell after 12 hours
of resveratrol treatment compared to control treated cells, figure 5-5c. Visual scoring for the
presence of internally localized ASCT2 revealed a statistically significant relocalization with
resveratrol treatment at 12 hours, figure 5-5d. The intracellular localization of the transporter
may result from the receptor being trapped in the Golgi due to improper or incomplete
glycosylation. Glycosylation might be inhibited indirectly by resveratrol through inhibiting
glucose uptake because glucose is the substrate for UDP-glucosamine (UDP-GlcNAC) synthesis.
The pretreatment of cells with 15mM GlcNAC 1 hour prior to resveratrol treatment decreased
internal accumulation of ASCT2, figure 5-5d, and apoptotic cell death at 12 hours, figure 5-5e.
Overall, these data support glucose uptake inhibition by resveratrol and the subsequent inhibition
of glutamine uptake by transporter downregulation. In a glutamine addicted cell, these
mechanisms may account for resveratrol's selective apoptosis in cancer cells. The work
presented here is preliminary and meant to provide a scaffold for future work.
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Figure 5-3: Glutamine Dependence of Resveratrol Induced Death in C4-2 cells. (a) Cells were serum starved in media with
the glutamine concentrations indicated for 12 hours and then dosed with 25uM resveratrol for an additional 12 hours. Death was
assayed by cleaved PARP staining by western blotting. (b) Medium with low glutamine was supplemented with alpha-
ketoglutarate and resveratrol mediated death was recovered. (c) Crystal violet staining of cell survival in OmM or 2mM glutamine
treated with DMSO or 25uM resveratrol for 60 hours. (d) Glutamine analog DON fails to reestablish resveratrol induced apoptosis
in glutamine/serum free medium.
5.3 Discussion
Overall, the U0126 mitochondrial inhibition and metabolic perturbation lead me to
consider the role of metabolism in resveratrol-induced death. Explicit mitochondrial inhibition
did not suppress apoptosis implying a potential role of metabolite flux through the mitochondria
which may be inhibited downstream of mitochondrial inhibition. Further work elucidated
resveratrol-induced apoptosis is dependent on glutamine metabolism, through suppression of
apoptosis with transaminase inhibitors and glutamine free media. In addition, I provided an
initial framework for how glutamine uptake may be altered by resveratrol through the regulation
of ASCT2 glycosylation.
From my data, I hypothesize that resveratrol is selectively toxic to cells with increased
glutaminolysis. In cancer cells addicted to glutamine, resveratrol may not be able to down
regulate overexpressed glutamine transporters fast enough to save cells from death. Building
from what is known in the literature, I postulate resveratrol may attempt to inhibit glutamine
metabolism through the scheme shown in figure 5-6. Resveratrol has been shown to inhibit
glucose uptake (24, 31) which can lead to loss of p70S6K phosphorylation (25, 32), the latter of
which I have documented in my cells. As glucose levels in the cell drop, glycosylation is
inhibited and plasma membrane levels of growth factor receptors and transporters are reduced
(12) including the glutamine importer ASCT2, as I have shown. Glutamine importers are
upregulated in a number of cancer cells lines (16, 33) possibly through autocrine growth factor
signaling (29) and lead to a glutamine "addiction" phenotype (6). The C4-2 cells have increased
protein expression of ASCT2 and increased autocrine signaling. Loss of glutamine influx may
inhibit glutathione, nucleotide, and amino acid synthesis resulting in the induction of autophagy
or apoptosis (34). Normal cells may be immune to the effects of resveratrol because of stress
response networks for efficiently down regulating metabolism, networks that may be lost in the
malignant phenotype.
Resveratrol has minimal efficacy in treating xenograft models of cancer (35), while it is
quite effective in reverting metabolic syndrome phenotypes in mice (3)(4). Resveratrol's
differential efficacy in vivo may be attributable to differential glutamine concentrations or
metabolism in poorly vascularized tumors verses normal organs. Intra-tumor glutamine
concentrations have been reported from 600gM to 300gM or undetectable (36-38), which may
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Figure 5-4: Cell cycle arrest inducers fail to suppress resveratrol induced apoptosis in
C4-2 cells. (a) Mitosis inhibitors (nocodazol and colchicine) and (b) cell cycle inhibitors
(olomoucine and roscovitine) failed to suppress resveratrol induced apoptosis. All drugs were
dosed at indicated concentrations at 12 hours prior to lysis. (c) Necrotic cell death was
estimated based on LDH enzyme activity in the culture medium at 12 hours after resveratrol
(Res) treatment.
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be insufficient to drive resveratrol glutamine-dependent death. In addition, some tumors
collected from patients show a net efflux of glutamine (37). Therapeutically, resveratrol may be
more efficacious if tumor glutamine concentration or metabolism could be increased, but this
may also drive tumor cell and disease progression concurrently.
The proposed perturbation of glutamine metabolism by resveratrol may be relevant to
reports in research outside of cancer, specifically resveratrol's inhibition of glutamate toxicity
(39), and adipogenesis (40). Glutamate toxicity in neurons results from elevated glutamate
concentrations in the synaptic cleft and is modulated through the interaction with astrocytes (39).
Inhibiting glucose or glutamine uptake may alter the downstream flux of glutamate within this
dynamic system. Glutamine uptake can also be critical in adipocytes which need oxaloacetate
replenished in the TCA cycle to drive citrate release for production of fatty acids (41).
Resveratrol inhibits adipogenesis in culture models (40) and modulation of glucose/glutamine
metabolism could mechanistically account for this phenomenon. The proposal of glutamine
uptake inhibition by resveratrol supports and unifies a subset of resveratrol research and warrants
further development.
In summary, the work in this chapter exemplifies the role of altered metabolism in tumor
biology and presents a direction for the development of novel therapeutics. Resveratrol's
glutamine-dependent apoptosis in cancer cells correlates with the documented increase in
glutaminolysis in disease models and may account for resveratrol's selectively toxicity in cancer
cell lines. Further research should be conducted to determine if resveratrol's in vivo mechanism
of action is glutamine metabolism dependent. Overall, this work supports additional research into
glutaminolysis and metabolism in cancer and the development of glutamine targeted therapeutics.
5.4 Further work
The involvement of glutamine metabolism in resveratrol-induced death has been partially
demonstrated in this work, but further investigations are warranted. Specifically, glucose uptake
should be measured with resveratrol treatment to determine if this potential mechanism of action
is true in the C4-2/ LNCaP system. Additionally, glutamine import at late time points should be
measured to validate ASCT2 internalization correlates with decreased glutamine uptake. Also,
other transporters can import glutamine, the dependence of the resveratrol phenotype on ASCT2
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Figure 5-5: Glucose Uptake Inhibition Hypothesis. (a) C4-2 cells were serum starved for
12 hours and treated with resveratrol for 1 hour prior to cell lysis. Phosphorylation of mTOR
(S2448), p70S6K (T389), and EIF4E (S209) was assayed by western blotting and
phosphorylation decreased following resveratrol treatment in both cell lines. (b) LNCaP and
C4-2 cells in serum free conditions have differential expression of ASCT2 by western blot. (c)
Immunofluorescence images of C4-2 cells and visualizing ASCT2 with a cy3- anti rabbit
secondary under DMSO and 25uM resveratrol treatment at 12 hours. (d) Manual scoring of
ASCT2 internalization following resveratrol treatment at 12 hours, p = 0.07. (e) Reduced
PARP cleavage in cells pretreated with 15mM N-acetyl-D-glucosamine (GlcNAC) for 1 hour
prior to resveratrol treatment for 12 hours.
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expression should be validated with genetic knockdown. Validation of the overall glutamine
"addiction" status of the LNCaP and C4-2 cell lines should be documented through glutamine
withdrawal toxicity experiments at long time points.
The link between resveratrol, growth factor signaling, and metabolism implies inhibiting
or down regulating growth factor signaling networks may suppress resveratrol-induced death.
This explicitly contradicts the established "rescue" of resveratrol-induced death in the DU145
cells (1), but seems conceptually valid. EGFR inhibition may simultaneously down regulate
oncogenic signaling, ASCT2 levels and metabolic processes, thereby shifting cells to a metabolic
state that resveratrol may not target.
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Chapter 6: Concluding Remarks
The work in this thesis followed the implications of the data along a single path to
determine a critical difference between cell lines representing prostate cancer disease progression.
While this approach produced an interesting story, traversing multiple disciplines, many
questions still remain about the mechanisms of action of the two drugs: U0126 and resveratrol.
In an attempt to conclude this work, the following section hypothesizes a number of conceivable
molecular mechanisms based on the literature and the data presented in the proceeding chapters.
Specific emphasis is placed on where resveratrol and U0126 may converge to antagonizing one
another.
In vitro disease progression model of prostate cancer
The in vitro cell line models, C4-2 and LNCaP, are perhaps the best cell line pair
available for studying disease progression, because of their overwhelming number of similarities
and yet divergent growth characteristics in vivo. These aspects of the cell line models make
pertinent differences challenging to find, but may decrease the probability of discovering false
positives. Previous delineation between the cell lines have focused on microarray analysis, but
the resulting network of expression changes provided few clues to the castration resistance of the
C4-2 cells. If changes at the gene expression level are minimal, perhaps the point of divergence
lies in the dynamic regulation of protein levels or post translational modifications.
Several data points from my work support a dynamic differential response between the
cell lines at the protein level including: differential temporal response of the EGFR network, a
unique node of activation downstream of the DNA damage response network, and the
differential protein level of ASCT2. Variation in the EGFR network may have been postulated
from a modest increase in EGFR mRNA in the C4-2 cells, but the different temporal profiles of
protein tyrosine phosphorylation between the two cells lines was not deducible and may have
profound implications in vivo. In contrast, the latter two observations are novel within the
literature and potentially important. The DNA damage response network is involved in cell
survival and death decisions, and alterations in this network may favor tumor growth and
survival. In addition, the level of ASCT2 protein implies an increased import rate of glutamine
into the cell which may help to fuel biosynthetic processes critical to cell proliferation.
Identifying other points of divergence between these cell lines may be possible with alternative
profiling techniques such as protein microarrays or relative protein level comparisons by mass
spectrometry.
Overall, the C4-2/ LNCaP comparison remains a challenging, but potentially very
rewarding system for prostate cancer research. Elucidating the small fraction of variations
between the cell lines may help to determine one path leading to castrate resistance.
Understanding the mechanism of progression may propagate into viable chemoprevention
strategies for low risk patients, to minimize any neoplastic growth to the organ.
Secondary mechanism of action of U0126
Investigating the mode of action of UO 126 was a divergence from the initial question of
how prostate cancer disease progresses to castration resistance. The interlude into the world of
small molecules inhibitors was a strategic decision based on the unique ability of U0126 to
repress resveratrol-induced programmed cell death. However, in the process of attempting to
understand how U0126 influenced resveratrol's mechanism of action, a broader picture of how
U0126 behaves in cells was proposed. The full characterization of UO126 was forgone in this
work due to technical limitations, and additional questions remain about its complete mechanism
of action.
In this work, U0126 was shown to inhibit mitochondrial function in cell culture, but this
phenomenon is not unique to UO 126 and linked to other drugs and their degradation products (1,
2). In biological systems, drugs degradation can be enhanced by a variety of enzymes and
potential catalyzing agents. While analyzing the structure of UO 126, I postulated U0126 might
cyclize and displace the nitrile groups on the backbone. While I was unable to propose a specific
chemical mechanism for the aforementioned reaction, the resulting structure was strikingly
similar to a known fluorescent compound. In addition, cyanide was detected in cells exposed to
U0126. These data support a mechanism for mitochondrial inhibition, but other assays and
experiments should be performed to confirm the overall hypothesis.
Beyond cyanide release, U0126 may inhibit mitochondrial function through the
accumulating fluorescence much like lipofuscins. Lipofuscins are described as residual protein/
lipid degradation products and metals which accumulate in cells and have a fluorescent emission
between 540 and 650nm. The accumulation of lipofuscins is associated with aging related
diseases such as macular degeneration [reviewed in(3)]. While the fluorescent characteristics of
lipofuscins do not match the fluorescence associated with U0126, the characteristic accumulation
and inhibition of normal cell function imply that the fluorescence may be more than a byproduct
of UO 126 degradation or reaction. The parallel between U0126 and lipofuscins supports further
elucidation of the structure and dynamic characteristic of the U0126 induced fluorescence.
Overall, U0126 appears to be a multifunctional molecule with its inherent MEK
inhibitory activity, mitochondrial suppression, and fluorescence generation. The characterization
of U0126 in cells also implies the dynamic and temporal function of U0126 over long term
incubation results in the integration of interactions with multiple targets. Attempting to
deconvolve these multitudes of interactions to provide a single mode of action may be difficult,
if not impossible. Further work is needed with a variety of chemical analogs to truly determine
how U0126 is behaving and modulating biological systems.
Understanding resveratrol in biological systems
Resveratrol is a very intriguing natural product linked to a large variety of biological
processes, but lacks a consensus about its mechanism of action. The ambiguity surrounding
resveratrol emphasizes the complexity of biological systems and the inherent noise, and
uncertainty of biological research. Stepping back from the possibilities and integrating across
divergent fields including: neuroscience, cancer, and metabolic disease, implies resveratrol shifts
metabolism through mitochondrial biogenesis. Within this scheme, understanding and taking
advantage of how resveratrol functions may help in preventing and treating a variety of diseases.
Resveratrol accentuates a larger problem in current biological research, the
overwhelming volume of conflicting, contradictory or repetitive papers published every year.
The intrinsic nature of science supports divergent publications and constantly challenging
assumptions, but the current publishing models don't support efficient assimilation of published
information by individuals outside of the specific field of investigation. This exclusionary
tendency of publication models diminishes the crosstalk between disciplines and possibly the
progression of science. I found minimal crosstalk particularly evident in papers about resveratrol
from different disciplines, even when the same core concepts are under investigation. More
efficient information reporting models or adaptive computational algorithms are needed to
compile and assimilate information across fields. If such technologies or strategies could be
developed, then we might be able to leverage our cumulative knowledge to converge on a subset
of possible modes of action for drugs like resveratrol. Efficiently directing biological research
efforts may help to push science forward and minimize repetitive work.
Convergence of U0126 and resveratrol
The suppression of resveratrol-induced death by U0126 implied an intriguing, and yet
perplexing paradox of how U0126 can inhibit mitochondrial function and a pro-survival kinase,
but simultaneously suppress programmed cell death. During the course of my thesis work, I
attempted to find an explicit point where resveratrol and U0126 converged to antagonize
programmed cell death, but node was discovered. This section attempts to explain what avenues
were discounted and where an answer might be found.
One of the first points of evaluation of the UO 126/ resveratrol interaction was the
production and suppression of reactive oxygen species (ROS). Resveratrol is characterized as an
antioxidant in multiple papers, but it can also induce ROS production when inducing cell death
(4). In contrast, I found U0126 suppressed ROS production and reduced the elevated level of
ROS resulting from resveratrol treatment. The intersection between the two drugs and ROS was
a fork in my research path. I chose to integrate ROS with U0126 and attempt to formulate a
mechanism for how fluorescence and mitochondrial inhibition might result. Following this path
led to the identification of cyanide as a mediator of mitochondrial inhibition, however, I did not
return to the original ROS observation. It remains to be seen if other antioxidants such as
ascorbic acid, N-acetyl cysteine, a-tocopherol, or EUK134 can suppress resveratrol-induced
apoptosis and this hypothesis should be tested. From a hypothetical perspective, I would not
expect antioxidants alone to rescue resveratrol-induced death because I've documented multiple
actions for U0126. U0126 is unique in its ability to inhibit ROS and mitochondrial function
simultaneously. These two phenomena typically do not occur in tandem and I am unaware of
another small molecule drug which is capable of both simultaneously. A single point of action
for U0126 to inhibit cell death may be too simplistic, but is still possible.
Another important variable in the convergence of UO 126 and resveratrol is the timing and
extent of death suppression. In the experimental setup, U0126 and resveratrol are dosed
simultaneously into the system at time zero. Programmed cell death by resveratrol is assayed
twelve hours later, and at this time point U0126 is able to suppress the cleavage of PARP as well
as DNA fragmentation repeatedly. However, cell viability at 24 hours was equally diminished
under all treatment conditions, implying the suppression by U0126 was only a short term effect.
The moderate death suppression at an early time point allows a variety of alternative
explanations to be proposed. Specifically, U0126 may shift cells from a PARP mediated cell
death to another form of death such as necrosis or autophagy, or limit cellular energy suppressing
the efficiency of death induction. Both of these possibilities contrast with the impression of a
rescue effect by U0126, but would produce the same experimental result: decreased PARP
cleavage and DNA fragmentation.
Moving beyond simple explanations, the literature implies U0126 and resveratrol may
interact through the aryl hydrocarbon receptor (AhR) or AMP activating protein kinase (AMPK).
The aryl hydrocarbon receptor was identified because resveratrol can inhibit it (5) while U0126
could activate it (6). The intriguing opposition of the two compounds plays into the potential of
the AhR to be a node of intersection. In addition, AhR induces expression of CYP lA1, a
member of the cytochrome P450 family which can activate environmental pollutants producing
highly reactive carcinogens. However, CYP1A1 can also activate a variety of natural products to
produce chemopreventives compounds (7). 1 investigated the reaction of resveratrol and another
AhR agonist, CAY10465, to determine if the second agonist recapitulated the U0126 effect.
Unfortunately, CAY 10465 did not suppress resveratrol-induced death. Given the initial negative
result and the limited tools and expertise available to investigate the AhR further, I choose to end
this line of investigation.
In contrast to the AhR approach, AMPK has been documented to be activated by both
resveratrol (8) and U0126 (9, 10). However, documentation of resveratrol activating AMPK is
predominantly cited in alleviating metabolic syndrome phenotypes in culture and in mice. In the
LNCaP/ C4-2 system, resveratrol minimally activated AMPK at early time points, while U0126
robustly activated it alone or in combination with resveratrol. When resveratrol was combined
with U0126, activation of AMPK increased, correlating with the suppression of resveratrol-
induced cell death. Another AMPK activator, AICAR, was unable to consistently recapitulate
cell death suppression. The inconsistency of the AICAR antagonism of resveratrol may indicate
differential temporal activation of AMPK by AICAR and U0126. Given the slow, long term
mitochondrial suppression by U0126, AMPK may be constantly activated over the time course
or have an increasing activation as mitochondrial function tapers off. In contrast, AICAR is an
AMP mimetic and may degrade over the time course of the experiment, failing to provide a
constant or increasing activation of AMPK.
The role of AMPK in resveratrol-induced death and the possible agonistic effect of
UO 126 should be tested further, but with tools which can dynamically activate AMPK and
monitor its state temporally. AMPK is clearly an important node downstream of resveratrol as
demonstrated in recent mouse models of metabolic syndrome (11) and AMPK responsiveness in
cancer cells may be clinically relevant as well. The role of AMPK has explicit connotations in
prostate cancer where the AMPK activator metformin is correlated with disease suppression (12).
In my hands, metformin was unable to perturb resveratrol-induced apoptosis.
While activation of AMPK in the presence of resveratrol produced inconsistent results,
the same differential survival phenotype was found with the AMPK inhibitor, Compound C.
Specifically, Compound C was more cytotoxic to C4-2 cells compared to LNCaP cells, implying
the energetic state of C4-2 cells is shifted compared to LNCaP cells. This data further supports
investigating the energy states of the LNCaP and C4-2 cells, and how the AMPK signaling node
may be involved in prostate cancer progression.
Intersecting signaling nodes between U0126 and resveratrol didn't produce a conclusive
point of antagonism between the two compounds. However, one final point of convergence
deserves evaluation: mitochondrial function. Resveratrol is known to induce mitochondrial
biogenesis in cells, and I found U0126 to inhibit mitochondrial function. Convergence at the
mitochondria postulates the release of pro-death molecules from the mitochondria by resveratrol
and retention of these molecules by U0126. I evaluated this possibility by fractionating cells and
evaluating cytochrome c localization, but I did not detect cytochrome c release into the cytosol
under any of the experimental conditions (data not shown). While this data did not support a
mitochondrial death induction process several variables were uncontrolled including: the
sensitivity of the antibody, the optimal time point for detecting release, and accurate
quantification from western blotting. Given the importance of mitochondrial function in both
resveratrol and U0126 action, evaluating mitochondrial mechanisms in greater detail is
warranted and one conceivable point of intersection is hypothesized here9 .
To find a focal point within mitochondrial mediated death mechanisms, I examined what
I knew about early and late responses to resveratrol treatment. Resveratrol perturbs multiple
cellular processes, but only a few phenomena are quickly induced including: DNA damage
response, dephosphorylation of S6K, Sirtl, and calcium flux (13). In contrast, when cell death
begins, I've found induction of ER stress, mitochondrial involvement, and the cleavage of PARP,
a protein involved in the DNA damage response as well as a hallmark of cell death. From a
hypothetical perspective, I would expect the early signals to integrate to induce cell death.
Therefore, I integrating these observations within the context of the literature and propose
resveratrol induces parthanatos, a cell death process which samples both DNA damage and
mitochondrial function (14).
Parthanatos is a process initiated with excessive activation of PARP activity. PARP
produces the PAR polymer which is hypothesized to translocate from the nucleus to the
mitochondria releasing the apoptosis initiating factor (AIF). The exact mechanism of AIF
release by PAR is unknown, but in general AIF is cleaved by a protease and translocated through
the outer mitochondrial membrane when the permeability of the membrane is altered. Once in
the cytoplasm, AIF localizes to the nucleus to induce chromatin condensation and DNA
fragmentation resulting in cell death [reviewed in (15)]. Parthanatos induced cell death is
independent of caspase activity (14) and is consistent with the absence of caspase activation at
12 hours in LNCaP and C4-2 treated with resveratrol (data not shown). In addition, my data
supports resveratrol inducing PARP activity as a portion of the DNA damage response network.
Several studies have documented a role for parthanatos in resveratrol-induced death (16)(13)(17).
This mechanism of action is consistent with resveratrol, but antagonism by U0126 is not
explicitly evident.
U0126 may influence parthanatos by modulating the release of AIF in the mitochondria.
AIF is hypothesized to be regulated by NADH dependent reduction and recent crystal structure
data supports different conformations of the protein reflecting the redox state of the mitochondria
(18). While the crystal structure data was based on a fragment of AIF, alternative conformations
may hypothetically block the cleavage site (18). Therefore, AIF cleavage may be influenced by
the redox state which is dependent on the functional state of the mitochondria and perturbed by
U0126.
In addition, AIF cleavage is dependent on the protease calpain which can be activated by
calcium ions. Given that resveratrol induces calcium flux at early time points and recent data
implies this release comes from the ER, then the calcium is expected to be taken up by the
mitochondria to maintain homeostasis. Prolonged or elevated levels of calcium in the
mitochondria are associated with induction of cell death (19). However, normally calcium levels
in the mitochondria are modulated by release through loss of mitochondrial membrane potential.
In my cell system, resveratrol may induce calcium uptake by the mitochondria which could
result in the induction of calpain and subsequent cleavage of AIF. UO 126 may antagonize AIF
cleavage by reducing mitochondrial membrane potential and subsequently decreasing uptake and
increasing export of calcium. One sign of calcium retention in the mitochondria is concomitant
induction of ER stress [reviewed in (20)]. In my cell system, induction of the gene CHOP, an
ER stress marker, precedes resveratrol-induced apoptosis. Although CHOP levels are not
mitigated with U0126 treatment implying U0126 is unable to completely redistribute calcium
and may only shift calcium levels.
Other support of U0126 influencing parthanatos is evident in the literature. Parthanatos
is a major mechanism of cell death in ischemia reperfusions models where U0126 has a
substantial rescue effect (21), though this rescue is classically attributed to MEK. Also, recent
work indicates increased lactic acid production may also suppress PARP activity (22). My work
explicitly demonstrated U0126 induces lactic acid production and this may provide another route
for U0126 to antagonize resveratrol-induced parthanatos.
To test the convergence of resveratrol and U0126 at the level of calcium flux, the release
of AIF, and the induction of parthanatos in the C4-2 cells several experiments need to be run.
Initially, the dynamic release and movement of calcium should be monitored in LNCaP and C4-2
cells following resveratrol treatment. Calcium has been previously hypothesized to be released
from the ER and picked up by the mitochondria. If this holds for the prostate cancer cell system,
then other tools to chelate calcium, open or close the mitochondrial permeability transition pore,
and shift the redox state of the cells should be used to see if they can modulate resveratrol-
induced apoptosis. In addition, the important step of parthanatos is the translocation of AIF to
the nucleus at early time points. If parthanatos is engaged at 12 hours following resveratrol-
induced death, then AIF should be detectable in the nucleus by cell fractionation or
immunofluorescence imaging.
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The proceeding theoretical convergence point for U0126 and resveratrol fits with the
current data and literature, but only an explicit experimental test of the hypothesis will prove if
the mechanism is true.
Cancer research and the need for shifting paradigms
Overall, this thesis focused on molecular mechanisms of action of small molecule drugs.
Targeted drugs are one approach to cancer therapy, because drugs can selectively target enzymes,
kinases, and other proteins to divert the aberrant programming and signaling of cancer cells.
However, in light of the complicated mechanisms of small molecule drugs illustrated here and
their failures in clinical trials (2), perhaps we should consider a parallel path for short term gains.
It seems improbable, that a single drug will cure cancer and multiple drug approaches may just
amplify adverse side effects, but long term chemopreventive strategies may be viable to decrease
incidence. Prostate cancer is perhaps the best example of a cancer with an established link to
dietary and lifestyle choices. Its elevated incidence in the western industrialized world implies
our current food consumption patterns need to be modified. Shifting dietary patterns is a
currently viable strategy which could be implemented now and may contain intrinsic
chemopreventive properties. While such a step will not "cure" cancer, it may reduce the
incidence rates and increase overall quality of life for the population. Instigating a dietary shift
would require extensive public education efforts to inform individuals of the risks and rewards of
changing their lifestyles.
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Appendix
Extraneous Data: U0126 Fluorophore as a Fluorescent Mitochondrial Marker
While investigating the U0126 fluorophore, I postulated the fluorophore might be a
commercially viable mitochondrial marker due to its specific localization. Employing U0126
directly in cell culture experiments to label the mitochondria might be counterproductive to other
experimental objectives, therefore I tested the ability of the purified fluorophore to localize to the
mitochondria in fixed cells. I extracted and concentrated fluorophore generated from a 15cm
plate of C4-2 cells exposed to 1OpM U0126 for 12 hours. I plated a second set of C4-2 cells on
glass cover slip and allowed them to attach for 48 hours. The cells on cover-slips were fixed and
then incubate with or without the concentrated fluorophore for 1 hour. The slides were then
mounted and evaluated by immunofluorescence. The resulting images are in figure 3-6 and the
fluorophore explicitly stains a specific staining of the mitochondrial structure increased above
background compared to the unstained control cells. These results imply the fluorophore may be
a viable commercial product as a post fixation mitochondrial stain.
Figure A-1: C4-2 cells fixed and then stained with U0126 induced fluorophore for 1 hour
in PBS-T of left untreated. U0126 induced fluorophore was purified from a 15cm plate of
C4-2 cells treated with U0126 for 24 hours.
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Endnotes
1. UO 126 was tested with resveratrol because it arrived in tandem with a p38 inhibitor and I
hypothesized it would act as a good negative control. At the time, I ran the experiment expecting
to find death increased when U0126 was added to the system
2. In the process of attempting to determine what resveratrol was differentially targeting between
LNCaP and C4-2 cells, I evaluated a lot of different nodes including: NFKB, CEBPp, SCD1,
FASN, PPARy, androgen receptor, ATGL, and SIRTi. None of these endeavors altered the
differential response between the cell lines.
3. The U0126 induced fluorescence was discovered while performing immunofluorescence
staining on cells to determine the localization of the androgen receptor.
4. The assay for cyanide can give a false positive reaction from excess hydrogen peroxide and
the concentrations in the cells were close to the detection limit of the assay. These findings
should be explicitly validated by another mechanism.
5. The proposed use of UO 126 as a multi-targeted drug is probably questionable at best. The
relationship between cyanide and cancer is complicated due to the misrepresentation of B 17
(amygdalin) as a cure in the 1950s. If the concept of a U0126 drug is evaluated for independent
development, caution should be employed to ensure the association with cyanide is valid and
will not induce systemic toxicity.
6. The role of glutamine in resveratrol-induced death was accidental. In late December 2010, the
morphology and growth characteristics of my cells changed substantially and they stopped dying
in response to resveratrol. After extensive troubleshooting it became clear our medium stocks
were being exposed to excess light in the cold room and supplementation of media with extra
glutamine recovered resveratrol-induced death.
7. The transaminase inhibitors employed to perturb metabolism are well known to have multiple
significant off target effects. Both appeared to induce some level of toxicity at early time points
which may not have been detected after the 12 hour incubation with resveratrol. In general, a
knockdown approach should be implemented to perturb glutamine metabolism and verify the
involvement of these pathways.
8. Removing glutamine from the media is a bit extreme, and therefore the role of cytosolic
glutamine should be validated with transporter knockdown experiments.
9. The final hypothesis made in the concluding remarks section is supported by the data I've
collected, but like many other hypotheses I've made during my graduate career I would guess it
only has about a 1 in 30 chance of being true. In my experience, if you search the literature
enough, you can connect almost any phenomenon to another through references and the false
positive rate of such associations in very high.
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